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Abstract 
Monitoring Transport at Interfaces of Tunable Soft Surfaces  
by 
Charlisa Revé Daniels 
The present work utilizes single molecule methods and analysis to 
investigate soft and hard substrates. First, the effect of charged hard surfaces on 
charged probes were evaluated, as the soft surfaces were built upon such a 
structure. Then, selected polymers were selected according to their importance in 
smart surface technology. The extent of interaction of the selected probes with the 
array of soft surfaces gives insight to the potential tunability of these surfaces. The 
three distinct polymers range from ubiquitous usage to advancements in current 
technology. The studies presented here are needed to characterize, on the 
nanoscale, the Coulombic interactions of these polymers.  
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Chapter 1  
Introduction 
1.1 Motivation 
Learning the nuances of mass and charge transport in confined regions is important 
when trying to engineer structures for technological advancement. Study of transport at 
interfaces, even at the single molecule level, is a area of interest that continues to call for 
understanding.1 Although there is much in the literature about metallic molecular 
electronics that have been developed to control electron transport,2-4 organic thin films 
present an alternative for building nanostructures adequate for transport. An additional 
step would be to have fabrication control over these structures to further promote 
tunability, but such an advance requires a deeper understanding about the relationship 
between interfacial charge and structure and the resulting transport properties. 
 “Smart” materials are an increasingly interesting subject in the advancement of 
technology. These materials are of interest in a range of areas: electronics, biomedicine, 
diagnostics, agriculture, personal care and more.5-13 In a 2008 market research study, the 
growth of nanotechnology applications was assessed and projected (Figure 1.1). Medicinal 
devices were projected to have the highest growth; within that category, nanostructured 
materials would have the second largest growth behind nanoparticles. Characterizing these 
surfaces on the nanoscale is therefore needed to assess their utility.  
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Biological and medicinal fields are starting to turn toward smart materials as a way 
to more accurately diagnose and treat conditions. If such materials can be tuned for specific 
associations and/or environmental conditions, the biomedicine field advances in diagnostic 
ability.  In a separate study, the same market research company projected the world 
market for coating medical devices with polymers, alloys, nanoparticles, etc. (Figure 1.2).14  
The market for coating materials is expected to nearly double from 2009 to 2014. 
 
Figure 1.1: Projected market for nanotechnology applications from 2007 to 2018. Nanostructured devices are 
the second largest growth, behind nanoparticles, in the field of medical devices. Data obtained from BCC 
Research Market Forecasting.14 
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Figure 1.2: Projected world market for medical device coatings. Data obtained from BCC 
Research Market Forecasting.14  
The usage for “smart”, nanostructured materials proves imperative for diagnostic 
analyses. Functionalized surfaces, such as those presented in this work, will be part of the 
solution. Chapter 2 will provide a review of the current literature focusing on the specific 
advances in arenas of organic polymers and surface treatments. Methods for assessing 
transport within thin films will be presented and will show our contribution to advancing 
the comprehension of how finely engineered structures can be used to control transport 
within them. 
1.2 Specific Aims 
1.2.1 Aim 1 
Utilize single molecule spectroscopy techniques and analysis, as well as Fluorescent 
Correlation Spectroscopy (FCS), to monitor the interaction of single fluorescent probes 
(dyes or dye-labeled species) with hard (e.g. glass) surfaces, and the distributions of these 
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residence times for multiple samples. These observations will reveal dynamic charge-
dependent interactions of the probes with the surfaces in question. Consequently, through 
Specific Aim 2, these analyses will help characterize the tunability of more advanced 
engineered surface preparations. 
1.2.2 Aim 2 
Survey the effects of varying dendron or ligand density, ionic or pH strength, and the 
presence of competitors on transport at tunable soft interfaces.  The necessary 
experimental procedures and analysis parameters for these single molecule experiments in 
charged and crowded environments will be explained. 
1.3 Overview 
Background information on the systems highlighted in this work is provided in 
Chapter 2. The advancement of smart surfaces is outlined as well as the wide usages for 
such materials. The importance of studying interfacial interactions is explained. 
Chapter 3 explains the theory behind Fluorescence Correlation Spectroscopy, the 
principle experimental technique utilized in this work. 
The contents of Chapter 4 were published in the Langmuir journal in 2010. It 
discusses the Coulombic effects of dye interactions at the glass/water interface. A 
comparison the diffusion behavior of oppositely charged dyes over the anionic glass 
surface is made. This is discussed as a function of distance from the surface as well as 
identity and pH of the aqueous environment.  The strength and length of interaction was 
determined with dwell time and blip analyses.  
The contents of Chapter 5 were published in the Colloids and Surfaces B journal in 
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2011. This work discusses the potential of using dendrons of PEG to tune surfaces to the 
size of protein anticipated. The interaction of a charged probe with an array of densities of 
neutral PEG was compared; this comparison was also made with dye-labeled protein. 
Additionally, the strength of interaction was determined with dwell time analysis.  
Chapter 6 discusses the interaction between a cationic cluster-charged peptide-
functionalized agarose surface and the dynamics of a protein diffusing near that surface. 
The surface was characterized using our optical setup, as well as our techniques and 
analysis. The observation of weak binding of the protein to the functionalized surface at the 
single molecule level was a welcome counterpart to previous ensemble observations. This 
work is under review at Molecular Recognition. 
Chapter 7 discusses the tunability of a weak polycationic polymer that responds to 
external chemical stimuli. In this chapter, the polymer is manipulated by changing pH and 
transport of dyes is measured as a function of tunable brush chemistry and density, as well 
as how this tunability changes with brush thickness. This manuscript is in preparation and 
will be submitted to Journal of Physical Chemistry C.   
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Chapter 2  
Background 
The objective of this thesis is to contribute to the fundamental understanding of 
molecular ion transport in charged and crowded environments. The information garnered 
from this work can be applied to drug delivery, smart surfaces for diagnostics and other 
biomedical applications. As tunable, responsive, nanostructured materials are increasingly 
regarded in the fields of electronics, biomedicine, diagnostics, agriculture, and personal 
care,5-13 the need for understanding the mechanisms behind the transport also increases. 
The objective of this thesis is to contribute to the fundamental understanding of transport 
in charged and crowded environments. 
2.1  Biomedical Devices and Applications 
Chapter 1 gives an overview of the interest in and market for advances in 
biomedical technology for diagnostics, drug delivery, and improved equipment. These 
improvements of tailoring surfaces for enhancing specific interactions are welcomed as the 
biomedical field looks for more sterile, accurate, and purposeful tools.  
The “biointerface”, the interface between man-manipulated materials and biological 
systems, requires extensive study and understanding to prevent mishaps with living 
systems as technology advances to make better interactions. Two challenges these surfaces 
face and strive to overcome are the tunability of the physical properties and/or functions 
and the robustness and reversibility of the surface. 15 Thus bio-scientists contribute 
knowledge of biomacromolecules (DNA, RNA, proteins, etc.) while materials scientists and 
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engineers develop materials that respond to pH, temperature, salt and other relevant 
chemical concentrations. Together, biomimetic systems are produced that can be applied to 
the biomedical arena.  
Surfaces can be modified with homopolymer 
brushes,16-19 mixed brushes,20-21 block copolymer 
brushes,22-28 cross-linked films29-31 and many other 
types of engineered structures, as depicted in Figure 2.1. 
In the case of simple homopolymer brushes, density is 
the tuning property while the physical properties of the 
polymer remain the same.17, 19, 32Mixed brushes and 
copolymer brushes have the versatility of retaining the 
physical properties and environmental response of the 
constituent polymers, in addition to the density.16, 21, 23-24, 33-34 Cross-linked films offer the 
ultimate density, in a mass of isotropy.30, 35-37  
The range of physical properties offered by the multitude of synthetic and 
biopolymers presents the opportunity for nearly any type of surface imaginable. Response 
to pH,5, 38 temperature,39-44 electric field,25, 45 ionic concentration,46-48 and specific 
interactions49-50 (e.g. antibody-antigen) are options for surface development. 
These smart surfaces have applications as the foundation for gating materials,51-53 
which can selectively filter and separate species in response to external stimuli; substrates 
to control drug release54-57; organic/inorganic hybrid materials,20, 58-60 which can improve 
 
Figure 2.1:Cartoon the various  
polymer types12 
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MRI imaging, magnetic drug targeting, and tumor ablation; and microfluidic devices,61-63 
which can control and direct transport. One example of this is a recent work by the Braun 
group.61 They pattern a surface with a block copolymer in a maze-like fashion. They then 
use a small organic fluorescent molecule to show its interaction with the soft surface, and 
therefore its directed transport. The work herein strives offer basic understanding of 
similar soft surfaces as a step toward the engineering of devices that retain highly 
controllable properties. 
2.2 Types of Surfaces Presented Herein 
2.2.1 Functionalized Surfaces 
The first portion of this work is concerned with surfaces that have the potential to 
be finely tuned for enhancing specific interactions or reducing nonspecific interactions.  
Stationary phases for separations,64-66 coatings to eliminate nonspecific protein 
adsorption,46, 67-70 and bio/immunoassays50 all use functionalized surfaces in their utility.  
The spacing between the functional groups has an impact on the efficacy of the surface. In 
order to assess the effect of nanostructure on signal transduction pathways for 
hematopoietic blood stem cells, Altrock, et.al. studied the effects of ligand spacing and 
nanostructural properties of the extracellular matrix on fabricated biofunctionalized 
slides.71 The extracellular matrix that surrounds these cells, as well as the lipid raft spacing, 
affects signal transduction as the cells begin to reproduce. Understanding the effects of 
these components is imperative to understanding optimum conditions for stem cell growth 
and sustainability.71 
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This example illustrates the continued need to study the effect of 
microenvironments using functionalized surfaces. This thesis will contribute 
understanding of probe interactions on similarly well-designed surfaces.  
2.2.2 Responsive Surfaces 
As stated in Chapter 1, external stimuli responsive 
materials are utilized in a wide array of fields. The other 
portion of this work is concerned with thin films and 
hydrogels that were engineered to  control temperature,6, 
72 pH,6, 73 and hydrophilicity.18 The Lyon group uses 
reversible temperature responsive microgels to control 
release of insulin and doxorubicin.39-40 With a decrease in 
temperature below the lower critical solution 
temperature (LCST), the microgels swell and the small 
molecules are loaded into the gel network. With an increase above the LCST, the 
pharmeceuticals are released from the microgel as it shrinks. This is depicted in Figure 2.2.  
 This example illustrates the sophistication of the robust, switchable materials 
available for study. This thesis will contribute understanding of transport in similar 
crowded environments. 
2.3 Single Molecule Regime 
2.3.1 Advantages of the Single Molecule Regime 
The observations and results of this thesis are based on single molecule regime 
 
Figure 2.2:(upper) Schematic of 
 loading of drug molecules using  
temperature controlled microgel. 
 (lower) Schematic of drug release 
 using temperature controlled  
microgel.39-40 
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observations. We used these methods to discuss and comment on transport in 
heterogeneous environments at the nanoscale.  
Contrary to the single molecule regime, ensemble measurements include and report 
an average behavior of the molecules within the system. While the average behavior of a 
system gives information on a system, focusing only on the global description neglects the 
potential for realizing the presence of less common, yet equally or more important events.  
The single molecule regime has the sensitivity to realize the full spectrum of behavior, since 
information about the system is garnered from each molecule. This type of sensitivity is 
required when measuring heterogeneous analytes or environments.  
Single molecule investigations have grown to include a wide array of systems and 
applications. Some of these techniques are in extensive use in the present research group. 
Single molecule fluorescent resonant energy transfer (smFRET) is used to measure 
conformational changes of proteins, RNA and small DNA molecules74-77, and reaction 
kinetics.78 Force microscopies like AFM49-50, 79-82 and optical tweezers83-84 are used to 
determine physical properties of biological molecules and assess surface interaction.  
Single particle tracking (SPT) has allowed the prospect of guiding nanoparticles and 
monitoring local heating effects within biological membranes. 59 
The sensitivity of the single molecule regime lends itself well to fundamental studies 
of functionalized surfaces. The advantage of realizing all of the types of interactions present 
within the nanostructures will aid in the design and usage of specialized materials. 
2.3.2 History of FCS 
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Chapter 3 offers experimental details of FCS, as it is the featured technique of this 
work. Here, I propose to outline the timeline of the technique and highlight its present day 
usage. Although FCS is an ensemble technique, we have used parameters and treatments 
that give us information about the behavior of single molecules. 
Invention and implementation of FCS was approached for different reasons:  to 
explore reaction kinetics,85-87 molecular transport85 and rotational diffusion.88-89 In this 
way, it was meant to combine the efficacy of temperature or pressure jumps and Dynamic 
Light Scattering for biophysical queries.90 Initially, the technique was performed in a setup 
similar to UV/Vis spectroscopy91; transfer of the technique to confocal microscopy soon 
followed.92 Staying close to the field it was invented to improve, FCS began to be used as a 
technique used for biophysical problems such as DNA binding reaction kinetics,93 
measuring the dynamics of lipid bilayers, 94-95 and the dynamics and structures of 
biopolymers.96-99 
FCS was not regarded as accessible until decades later, when Eigen, Rigler and 
coworkers improved the technique to include advances such as the usage of avalanche 
photon detectors (as opposed to photomultiplier tubes), incorporating optics to realize a 
small detection volume, and inclusion of a pinhole in the image plane to improve signal-to-
noise.100-102    These technological advances elevated the technique to the single molecule 
regime.103-106 
Since then, FCS has been used to measure protein-dye and quantum dot 
photophysics,107-110 monitoring triplet state dynamics111 and photon antibunching.112-113 
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Many bio-related sciences use FCS to decipher the inner workings of living cells.114-120 
Recent findings are pushing frontiers in investigating rotational dynamics. 121-122 
FCS has also spurred proverbial cousins. Two photon FCS achieves higher optical 
resolution. 123 FRET-FCS measures both conformational dynamics as well as transport.124-
127 Scanning FCS, which will be discussed more in later chapters, is more sensitive to 
slower dynamics.128-132 Image Correlation Spectroscopy is a manifestation that correlates 
images rather than a raw signal.133-135 
2.3.3 Advantages of FCS 
FCS can be contrasted with other techniques that seek to offer similar information. 
Fluorescence recovery after photobleaching (FRAP) can also give diffusion characteristics. 
This technique requires a higher concentration of particles, since its premise is to 
photobleach a spot and record the time needed for viable fluorophores to re-enter the 
bleached spot. Also the bleaching of the spot can damage the sample and definitely 
damages the probes. FCS is non-invasive and non-destructive.136 Dynamic light scattering 
(DLS) is the scattering counterpart to FCS. Yet, the fact that FCS is selective for fluorescence 
abolishes the increased background signal present in DLS and offers a sensitivity that DLS 
cannot.90 FCS can also measure chemical kinetics,91, 93, 137-138 rotational diffusion,88 
adsorption,136 anomalous diffusion117, 139-140 and multiple transport processes.141-142  
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A good example of the incorporation of FCS and other techniques that operate in the 
single molecule regime to measure the dynamics of a biologically relevant system is that of 
Roder, et. al.143 The authors used FCS, SPT, and other single molecule methods to monitor 
the creation of polymer supported membranes and the mobility of the embedded 
membrane proteins.143 A schematic is shown in Figure 2.3. FCS is used to monitor the free 
diffusion of the protein ligand in solution. To further benefit from the FCS technique, the 
authors monitored binding to the membrane protein, which was nearly immobilized in the 
polymer-supported lipid membrane. This study was complemented by analysis of SPT 
trajectories, which confirmed both the free diffusion and the adsorption events.   
This thesis will utilize FCS and single molecule analysis methods to garner 
information about events within and at the interface of soft surfaces. This information will 
contribute to the fundamental knowledge of functionalized and responsive surfaces and the 
way small molecules and proteins interact with the aforementioned surfaces. 
 
 
 
Figure 2.3:Schematic of the membrane assembling on the polymer brush, with the membrane 
receptor intact. The binding of the ligand to the receptor was also measured.143   
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Chapter 3  
Fluorescence Correlation Spectroscopy 
3.1 FCS Theory 
The utility of FCS methods arises from the Stokes-Einstein relation, which describes 
the rate of diffusion of particles as a function of particle characteristics:  
h
B
R
Tk
D
6
     Equation 3.1 
Here, the diffusion coefficient, D, is proportional to the temperature of the solvent, T, 
and inversely proportional to the viscosity of the medium and the hydrodynamic radius of 
the particle, η and Rh, respectively. 
The diffusion coefficient in Equation 3.1, is related to the characteristic diffusion 
time, τD, through a laser beam focal area by: 
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     Equation 3.2 
where r0 is the beam waist radius, which can be determined through measurements 
of diffusion times through the volume for particles of known size.101 It is important to note 
that these calibration criteria were employed to ensure that the confocal conditions were 
internally consistent throughout the experiment.   
 Through Equations 3.1 and 3.2, knowledge of characteristic diffusion times for a 
particle interacting in some system enables the extraction of specific information on 
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environment and/or particle parameters. The diffusion times can be determined by FCS 
analysis. As measurements are taken, fluorescence signal fluctuates in accordance with the 
movement of a diffusing fluorescent molecule within the excitation focal volume. A simple 
autocorrelation of the fluorescence intensity signal can draw out the necessary information 
for the characterization of the molecule or environment.  Elson and Madge, starting from a 
normalized autocorrelation function, G(τ): 
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G     Equation 3.3 
derived an analytical expression relating the correlation function to  the characteristic 
diffusion time.85  In Equation 3.3, )(tF  is the average of the fluorescence signal over time, 
t, and )()()( tFtFtF  is the expression that describes the fluctuation of the signal 
around the mean value.  The autocorrelation is a measure of self-similarity of the signal 
over a set of lag times, ranging from τ0 to τmax. (For representative autocorrelation curves 
for the samples measured for this study, see Appendix A.) 
The initial findings of Elson and Madge derived the autocorrelation function for 2D 
diffusion within a detection volume with a Gaussian intensity profile for x and y. Aragon 
and Pecora expanded the expression to describe a detection volume with a Gaussian 
intensity profile for x, y, and z:89     
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where Veff is the effective volume, ‹C› is the concentration of the dye, τ is the lag 
time, τd is the characteristic diffusion time, and z0 is the beam height. 
For systems where multiple species are present, a multiple-component expression is used, 
where ni is the brightness and Ci is the concentration of the species i.141-142  : 
    
     
Equation 3.5 
 
Autocorrelation data show the distribution of particle size and diffusion speeds within the 
solution, which makes it possible to distinguish between free diffusion, hindered diffusion, 
and anomalous adsorption behavior. 
 
3.2 FCS Setup 
A solid state laser was the excitation source (VERDI, Coherent). The 532 nm light 
was circularly polarized, filtered, and expanded to overfill the back aperture of an oil 
immersion microscope objective (FLUAR 100x, 1.3 NA, Carl Zeiss, GmBH). After excitation, 
the fluorescence was captured by the same objective144 and isolated by a dichroic mirror 
(z532rdc, Chroma Technology) and a notch filter (NHPF-532.0, Kaiser). Fluorescence was 
then guided through a 50 μm pinhole to block out-of-focus light, increasing spatial 
resolution.145 The resulting focal volume had a 1/e2 beam radius of ~230 nm and height of 
~1 μm.145 Photons were detected by avalanche photodiodes (APD; SPCM-AQR-15, Perkin-
2
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Elmer). A piezo stage (P-517.3CL Physik Instrumente) and controller (SPM 100, RHK 
Technology) allowed the user to maneuver the sample in 3 dimensions. The output from 
the APDs was split to a photon counting board (PMS-400-A, Boston Electronics 
Corporation) and a 2D imaging system (RHK Technology). This setup is pictured in Figure 
3.1. For each condition, the focal volume was calibrated in order to ensure that no 
experimental condition altered the confocal beam geometry. It was found that the beam 
geometry was consistent throughout the experiments. 
 
Figure 3.1: Homebuilt microscope used for the experiments.  
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3.3 Line Scan FCS 
For line scan FCS, the focal volume is scanned along a predetermined length  
continuously 
(Figure 3.2a). This is in 
opposition to the 
stationary focal volume of 
traditional FCS. This 
scanning is performed 
with a user-defined 
velocity (υ).  
In order to 
calibrate the line-scan 
method, a stationary bead 
was scanned. For these 
measurements, a 2μm line 
was scanned, with the 
bead within the area of interest. Figure 3.2 depicts the schematics and actual images. Figure 
3.2a is a schematic of what the program has been designed to perform. The focal volume 
traces a line across the bead, which was given a user specified length and a user specified 
amount of time. The result of this scan should look like that in Figure 3.2b where the x-axis 
is position and the y-axis is time ti, where ti is an integer multiple (i) of the scanning period 
(Tp). Figure 3.2c is an actual scan from raster program that is slower than our line scan 
         
Figure 3.2: a) a schematic of a line scan trajectory across a bead, b) a 
schematic of the resultant trace, c) an image from the slow raster scan 
program, in which an image is created directly from collected photons, d) 
an image from fast line scan time trajectories, in which counts vs. time 
are collected and later assembled into an image. 
c) d) 
a) b) 
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program. The raster scan program is designed to automatically plot intensities as a 
function of position, writing out the image, with a user-defined time bin. Alternately, the 
line scan program only collects trajectories of intensity. Therefore, an additional program 
was written to align the time traces and produce an image, as seen in Figure 3.2d. The 
program also corrects for the speed up/slow down velocities that occur at the beginning 
and end of the line scan as well as the time needed to return the piezo stage to the starting 
point. We used this image to compare to the trajectory we obtained in the line scan 
program, Figure 3.2d. For both Figure 3.2c and d, the length of the line, i.e. the length of the 
x-axis, was 2 μm. Figure 3.2c was taken at 128ms/line; the image is approximately 16s of 
data. Figure 3.2d was obtained at 26ms/line; the image is approximately 3s of data. 
Although the line scan program is an order of magnitude quicker than the raster scanning 
program, Tp defines the minimum diffusion time. In this way, line scan FCS is adequate for 
measuring slow diffusion, as the minimum diffusion time that it can measure is the amount 
of time it takes to complete a linear scan, and is limited by the scanning setup and Tp. 
For each sample, 104 line scans were acquired. We found that at large ti, or lag times, 
the correlation curves G(0, ti) have little information about the diffusion coefficient. 
Therefore we calculated the autocorrelation with slightly fewer lag times. The 
autocorrelation curve is calculated on a logarithmic scale. The choice of a pixel size (s) ≈ r0 
leads to a correlation curve which exhibits much less statistical noise than for s << r0.132 
The more accurate model takes into account the finite size of the pixel:130-131  
21 
 
 21 
i
i
iii
Dr
s
eerf
sC
G i
4
1
1
),0(
2
0
2
2
     
Equation 3.6
 
Equation 3.6 could be valid for any diffusion coefficient, but diffusion that is on the 
order of the scanning time changes the shape, and therefore accuracy, of the 
autocorrelation curve.132 Therefore, line scan FCS is adequate for measuring slow diffusion, 
like we find in these soft surface systems. 
3.4 FCS to Measure Surface Interactions 
The fluctuating intensity characterized by FCS arises from the motion of fluorescent 
molecules as they pass through a tightly focused focal volume146 as shown in Figure 3.3, 
which depicts our sample/observation volume geometry.  For this study, measurements 
were acquired with the focal volume placed first at the surface of the coverslip (Figure 
3.3a), corresponding to an offset of 0.5 μm of the beam waist from the surface), and at 
successively deeper positions within the bulk sample (Figure 3.3b and c).  Therefore, the 
findings represent diffusion characteristics of the dyes in question as a function of distance 
from the coverslip surface. 
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There is some degree of 
uncertainty in the position of the 
focal volume with respect to the 
surface that can be quantified.  
Contributors to the uncertainty in 
position are the focus set point and 
focus drift.  The focus set point was 
established prior to acquiring each 
sample by focusing the laser beam at the surface of the coverslip (i.e., at a depth of zero 
microns into the sample).  This focus set point was selected by adjusting the sample 
position along the z axis until the light scattered from the surface of the coverslip, as 
viewed on a CCD camera, was at its minimum area/maximum intensity.  The uncertainty in 
setting the focus visually was determined to be ± 75 nm.  This uncertainty arises from the 
limitation of visual discrimination of changes in the focusing spot within this 150 nm range.  
The second contributor to uncertainty is focus drift during the 5 minute sample acquisition 
period.  To minimize the effect of this source of error, the visual focus was checked at the 
conclusion of every measurement and its z axis location compared to the location recorded 
at the beginning of the measurement.  The uncertainty associated with focus drift was ± 
0.17 μm; acquisition periods for which the drift was greater than this were re-sampled.   
In considering the position of the focal volume with respect to the surface, and the 
resulting intersection of the focal volume with the surface/bulk portions of the sample, a 
discussion of the focal volume profile in z is also merited.  Based on the work of Hess and 
 
Figure 3.3:  Placement of the bottom coverslip  
surface with respect to the focal volume.   
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Webb,123 the focal volume profile for a high NA, overfilled (β < 1, β = rmicroscope aperture/rpin-hole), 
optical system with an aperture size of 7.68 o.u. (rou = rpin-hole*  2πNA/λM;  M = 
magnification of the objective) is nearly Guassian in z over the 1/e2 intensity range, and has 
half length dimensions of ~0.5 μm which agrees with our estimated focal volume 1/e2  
dimensions.  At these conditions, ~94% of signal is measured from the 1/e2 -focal volume 
and the remaining 6% occur outside of these bounds. With these considerations, when 
setting the focus position (center of the focal volume along the z axis) to 0.5 μm above the 
surface of the coverslip, we are able to position the entire focal volume in the sample, while 
intersecting the surface region of interest. It is important to note that there is continuity to 
the measurements: since the focal volume is ~2 μm in the z dimension, taking 
measurements in 0.5 μm steps ensures that an overlap of data acquisition is present. 
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Chapter 4  
Dye Diffusion at Surfaces 
4.1 Abstract 
Fluorescence correlation spectroscopy and single molecule burst analysis were used 
to measure the effects of glass surface interactions on the diffusion of two common 
fluorescent dyes, one cationic and one anionic. The presence of dye-surface interactions as 
a function of distance from the surface was investigated.  Use of a three-axis piezo stage, 
combined with reference calibration measurements, enabled the accurate acquisition of 
surface-distance dependent transport data. This analysis reveals attractive interactions 
between the cationic dye and the surface, which significantly alter the extracted diffusion 
values and persist in the measurements up to 1.0 µm from the surface. The Coulomb 
attraction between the cationic dye and the surface also results in rare, long-lived 
association events that lead to irreproducibility in extracted diffusion values. In addition to 
an assignment of the association lifetime for these events, this paper demonstrates that, if 
experiments must be performed with cationic probes near a glass surface, the use of 
solution electrolytes can eliminate deleterious dye-surface interactions, as the dyes were 
tested in a variety of environments. Finally, our data demonstrate that a better dye choice 
is an anionic probe, which exhibits no depth-dependence of diffusion characteristics above 
a glass surface. 
4.2 Introduction 
In the present work, we report on the presence and extent of interactions between 
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glass support substrates and two commonly used fluorescent probes of opposite charge, as 
a function of distance from the support surface. The data presented are important because 
many photophysical experiments using a variety of molecular fluorescent dyes are 
performed on glass substrates. Although the objective of the aforementioned experiments 
may not involve the glass-solvent interface, the presence of interfacial interactions can 
persist up to distances of 1 μm from the surfaces which significantly impact extracted 
parameters, and thus affect interpretation of data. There are several phenomena that might 
influence data interpretation. 
  One property that can be affected significantly by surface interactions is dye 
photophysics.  Both free and bound configurations of dyes have been used to probe 
kinetics, conformational dynamics, and the influence of surfaces on molecular 
photophysics.147-151 When experimental spectral or time windows overlap with surface-
induced changes to photophysical lifetimes and spectral characteristics, data interpretation 
becomes complicated. 
Another concern is surface chemical interactions that occur at an interface.  In the 
case of the glass/water interface, it is well known that a charged double layer forms that 
can be nanometers thick depending on the ionic strength of the solute.152-153 The electrical 
double layer can shield the dye from the surface resulting in differences of behavior as a 
function of environment. Dynamic behavior of molecules at the surface can also exhibit 
dependence on the silica termination/silanol chemistry.154 This chemistry can be modified 
through oxygen plasma cleaning, which produces densely populated hydroxyl-terminated 
silica surfaces,155 as shown in Figure 4.1.  The water solvent organization at the interfaces 
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is significantly altered from that of bulk water.156-157 Additionally, studies have shown that 
the translational diffusion of water is markedly different within confined regions, such as 
micelles and nanopores.158-159 Furthermore, each of the previous factors can be drastically 
altered as a function of solution ionic strength.   
As stated, identifying and 
understanding these interactions is 
important because of their ability to alter 
the integrity of data analysis in the many experimental systems that are conducted close to 
surfaces.160-163 Specifically, fluorescence correlation spectroscopy (FCS), although not 
designed to probe surface interactions, is frequently performed near a glass surface and 
thus the surface interactions and their impact on the data must be understood. FCS and its 
more advanced cousins such as dual-focus FCS, scanning FCS, and two-photon FCS have 
recently developed in order to overcome some of the intrinsic limitations of conventional 
FCS.164-170 These advances have allowed us to probe transport at and near membrane 
interfaces. Attempts to measure transport in such heterogeneous, crowded, or charged 
environments present their own innate challenges to data collection and analysis.142, 171-177 
Since such environments also present an interfacial measurement to some degree, it 
becomes important to quantify the interaction of probes with the interfaces as a separate 
issue. Calibrating the focal volume for the objective, laser wavelength, the chemical makeup 
and thickness of the coverslip, and the medium are critical to acquiring accurate, 
reproducible diffusion data.178-179 As we will demonstrate, choice of measurement distance 
from the support interface, dye charge, and solution electrolytic properties are other 
 
Figure 4.1: Illustration of plasma cleaned silica 
(glass) surface. 
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crucial factors.  
Rhodamine 6G (R6G), a cationic dye, is common in fluorescence experiments180-186 
and there have been several reports of its interfacial properties.  For example, the probe 
has been shown to aggregate at the air/water interface using confocal fluorescence 
microscopy.185-186 Further evidence has been reported that R6G is not only attracted to 
silica, but it also orders itself with respect to silanol groups.180 In contrast, Boutin and 
coworkers did not observe attractive interactions in their study of hydrophilic surfaces.181 
Instead, those studies reported the largest attraction of R6G to hydrophobic surfaces. One 
purpose of the current work is to determine which of these earlier observations is correct, 
namely whether attractive interactions are observed between R6G and a hydrophilic glass 
surface when performing FCS, and the extent of any interactions. 
Other common dyes lack the extensive information on surface interactions that is 
present for R6G, and of particular interest are dyes with different charge value and 
distribution. The current work delves deeper into the effects of surface interactions by 
characterizing, as a function of distance from a hydrophilic glass interface, the mobility and 
local concentration of both cationic and anionic dyes using FCS and single molecule burst 
analysis.  In order to extend previous studies, and to provide a quantitative analysis of the 
depth-dependence of measurements, the current work utilizes a three-axis piezo stage 
controller, which provides nanometer accuracy of the sample positioning.  
In this study, we use confocal FCS to quantify the presence of dye-surface 
interactions between a glass surface and the cationic and anionic dyes R6G and AlexaFluor 
555® (Alexa), respectively, as a function of distance from the surface.  These studies are 
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performed in aqueous media under a variety of electrolytic conditions.  By comparing 
diffusion times for the two dyes under the various conditions, it was found that surface 
interactions with the cationic R6G contribute significantly to measured diffusion rates out 
to a focus position depth of 1.0 μm from the glass surface.  Additionally, the surface 
interactions led to rare, but long-lived association events that introduce irreproducibility in 
extracted diffusion constants. In contrast, the anionic dye did not exhibit surface 
interactions, and thus its measured diffusion rate was constant and reproducible at all 
distances measured. Single molecule burst analyses of single fluorescent events confirm 
that R6G is more concentrated near the surface and spends more time in the laser focal 
volume. The data acquired at various pH and electrolyte conditions support the hypothesis 
that the primary interactions between R6G and the glass surface are Coulombic. The 
authors would offer the practical advice that if R6G is used in water, an electrolyte solution 
should be employed to eliminate surface interactions. Blip dwell-time analyses yield a 
characteristic association time for R6G at the surface of 0.71 ms. 
4.3 Methods and Materials 
4.3.1 Materials and Sample Preparation 
 
Figure 4.2:  Absorption and emission spectra of  
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Many of the details of the sample 
preparation, setup, theory, data analysis 
and acquisition have been previously reported.142, 170 Orange fluorescent carboxylate-
modified FluoSphere beads (max abs/em: 540/560 nm) were used to calibrate the focal 
volume for the current FCS measurements at all depths measured. Both 40 and 100 nm 
beads were used; the 40 nm beads were prepared at 1:10000 dilution and the 100 nm 
beads were at 1:1000 dilution, in water. Both R6G (max abs/em: 530/566 nm) and Alexa 
(max abs/em: 555/565 nm) were diluted to approximately 100 pM for signal versus 
concentration optimization.187 Figure 4.2 depicts the excitation and emission spectra of the 
two dyes, with the laser excitation line indicated.  Due to differences in extinction and 
quantum yield at the excitation wavelength, the Alexa solutions were measured with a 
power density of ~2100 W/cm2 and the R6G solutions were measured with a power 
density of ~800 W/cm2.  
NaCl (5M, Sigma-Aldrich), KOH (85+%, Sigma-Aldrich) and spectroscopic grade 
H2SO4 (J. T. Baker) were diluted to 0.001N solutions serving as differing environments for 
the fluorescent dyes. The basic solution used was pH 11.0; the acidic solutions were pH 1.0 
& 3.0. Measurements were taken in each of the four solutions (aqueous, acidic, basic, and 
electrolytic) and at four depths (0.5, 1.0, 1.5, and 2.0 μm). No. 1 coverslips were rinsed in 
Hyclone Molecular Biology (MB) grade water (VWR) before undergoing oxygen plasma 
cleaning for 2 minutes. The coverslips were stored in a dessicator until use. 
Rhodamine 6G (solid) and Alexa Fluor® 555 (dotted).  
The excitation source is also illustrated (vertical line). 
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4.4 Results & Discussion 
4.4.1 Depth Analysis 
The depth dependence of the 
extracted diffusion time, τd, for the cationic 
R6G in water is shown in Figure 4.3a.  The 
diffusion time for R6G is more than twice as 
long when measured close to the glass 
surface. For measurements taken further 
than 1 µm from the glass surface, the 
diffusion values converge to a diffusion 
time of 22 μs.188 In contrast, diffusion times 
for the anionic Alexa dye in water are not 
depth dependent, as is shown in Figure 
4.3a. It should be noted that the self-
consistent data obtained for Alexa diffusion 
at all depths establishes that the slowed 
diffusion measured for R6G when close to 
the surface does not arise as an artifact of 
focal volume perturbation by the surface or from changes in the refractive index, but from 
real perturbation of R6G diffusion. Thus, the longer R6G diffusion times close to the glass 
surface are clear evidence of attractive interactions between the cationic dye and the 
hydrophilic hydroxyl-terminated silica surface. They also provide at least partial insight 
 
Figure 4.3: Plots of the average τD vs. depth of R6G 
and Alexa in aqueous (a), acidic (b), basic (c), and 
electrolytic (d) solutions. The spread in τD values at 
each depth reflects the reproducibility from multiple 
measurements. Lines between points are included 
only as a guide for the eye. 
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into the wide range of reported values for the diffusion time of R6G.148, 187-188 Among the 
many possible explanations for these discrepancies are surface effects, as our results 
clearly demonstrate.  
Because the focal volume encompasses the region close to the surface where 
attractive interactions may occur, and also extends into the bulk solution, fluctuations 
measured within this extended focal volume are expected to reflect both surface-hindered 
diffusion and bulk diffusion of the dyes. FCS analysis conducted with a two-component 
fit141, 189 was unable to reliably extract the two expected components, however, due to 
limitations in resolving diffusion for two components when diffusion times are similar.189 
Instead, other techniques both chemical and analytical are necessary to further test the 
hypothesis that our measurements are sensitive to attractive interactions, and to quantify 
these interactions, between the dye and surface. 
4.4.2 Ionic Condition Analysis 
The slow diffusion times measured for R6G close to the glass surface exhibited a 
strong dependence on the ionic conditions, as shown in Figure 4.3b-d. The depth 
dependence was observed in acidic conditions (pH 1.0 and 3.0) but not basic (pH 11.0) or 
electrolytic (0.001N NaCl) conditions. The pH 3.0 data are of particular significance.  As 
shown in Figure 4.3b, there is a large standard deviation of extracted diffusion values 
closest to the glass surface under these conditions.  Large standard deviations in FCS data 
suggest the presence of anomalous events such as aggregation or adsorption.183 We would 
expect chemisorption events in the case of a Coulombic attraction between the cationic 
R6G and an anionic surface.  The isolectric point (IEP) of silica is reported to be at pH 2.0, 
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and can be dependent on the hydration of the surface.190 Other studies have confirmed that 
below pH 2, glass coverslips are positively charged and from pH 2-5, the surface is 
negatively charged.182 Thus, even under our acidic experimental conditions at pH 3, the 
negatively charged surface can be expected to attract the cationic R6G, leading to both to a 
slow diffusion time and a large spread in the error due to anomalous adsorption events.  
We performed additional depth dependent experiments at pH 1.0, below the reported 
isoelectric point190 (data not shown), and our results differ from the findings of Chen and 
coworkers in that surface interactions are not eliminated even at this pH. This can be 
explained by differences in the experimental conditions. The coverslips in our study were 
plasma cleaned, which increases surface hydration levels, and thus alters the surface IEP. 
There is experimental evidence that the IEP of a solid oxide/hydroxide is decreased when 
the level of surface hydration is increased.190 According to this information, along with the 
data presented in Figure 4.3b and our findings during attempts to further acidify the 
surface (to pH 1.0), it is not practical to use acid to switch the surface charge when using 
plasma-treated glass coverslips. 
Whereas measurements in aqueous and acidic solvent reveal a dependence of 
diffusion times on distance from the interface, neither the electrolytic nor basic conditions 
exhibit a comparable dependence. This reflects a lack of strong interfacial interactions 
between the dye and the surface in these conditions. Aligning the Gouy-Chapman and Stern 
models for the composition of ion concentration near a charged surface, the differential 
behavior of R6G mobility measured near the interface in aqueous and acidic conditions as 
compared to basic and ionic solutions may be related to the identity of the counter ions 
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available to form the adsorbed and diffusive layers.191 The use of MB water in all of the dye 
solutions ensures that the only ions present are those that have been purposefully 
introduced, and the inherent hydronium/hydroxide pairs. In the case of the aqueous and 
acidic measurements, our data shows that the cationic dye participates at the surface along 
with the expected hydronium ions in neutralization of the negative surface charges. 
However, in the case of the basic and ionic environments, the respective cations (Na+ and 
K+) are available to compose the Stern layer, and our data indicates that there is significant 
inhibition of surface interactions for the cationic dye.192  
These data are supported by other studies that report attractive interactions 
between R6G and silica surfaces.183-184 Of additional importance is a study in which 
attractions were observed in the case of hydrophobic surfaces, but not hydrophilic 
surfaces.181 Our work demonstrates that attractive conditions are present in the case of the 
hydrophilic, polar SiOH surface. 
It is important to note the lack of surface interactions under any conditions for the 
anionic Alexa dye.  The lack of measureable effects on the behavior of anionic Alexa dye 
molecules can be attributed to charge exclusion from the negatively charged surface. This 
insensitivity to the glass surface makes Alexa a reasonable substitute for R6G in studies 
that require measurement close to this interface. 
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4.4.3 Frequency Analysis 
A single molecule blip frequency 
analysis was performed to test the hypothesis 
that attractive forces are responsible for the 
slower R6G diffusion near the surface. If this 
hypothesis is correct, then we would expect to 
find a higher local concentration of R6G dye 
near the surface. Since our data is collected in 
the time domain rather than from an 
autocorrelator acquisition board, it is possible 
to obtain data such as single event frequency, 
intensity, and duration values. Figure 4.4 displays the average number of events (with 
standard deviations over multiple samples) obtained from data in 100 μs time bins versus 
the distance from the coverslip for the two dyes in aqueous solution. The increase in events 
observed near the surface arises from an increase in the average number of molecules in 
the focal volume per 100 μs bin time. The frequency trends shown here confirm that the 
local concentration of R6G is higher at the surface, as would be expected if there are 
significant attractive forces between the cationic dye and the coverslip surface. 
Additionally, the single blip analysis also demonstrates a repulsive decrease in local 
concentration of the anionic Alexa dye near the surface, an expected result, but one that is 
averaged out by the simpler ensemble FCS analysis performed above. Similar trends are 
found in the case of the acidic condition and are reported in Appendix A. 
 
Figure 4.4: Mean events for R6G and Alexa in 
aqueous conditions. The spread in intensity 
values at each depth reflect reproducibility from 
multiple experiments. Lines are drawn as a guide 
for the eye. 
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Figure 4.5: Dwell time histograms for R6G (a) and Alexa (b) in water. In (a) the 0.5μm data was fitted to an 
exponential (dashed line) and decomposed into the IRF (dotted line) and the pure data (dot-dashed line).   
4.4.4 Blip Dwell Time Analysis 
The blip frequency and FCS data both demonstrate attractive forces between the 
R6G dye and the surface that result in an overall measured slower diffusion time. An 
additional question about the extent of the attractive forces can be asked. Others have 
studied the orientational effects of silica on R6G and have found that the dye trapped in a 
silica cage rigidly orients itself with respect to the walls of the cage which are comprised of 
Si-OH bonds,180 suggesting chemical coordination between the dye and the silica. In order 
to test for the presence of long-lived association events, we performed a blip dwell-
analysis.  As shown in Figure 4.5, a fluorescence blip dwell-time analysis was performed for 
each dye in water at 100 μs time bins (note that these bins are an order of magnitude larger 
than the 10 μs bins used for diffusion measurements) at 0.5 μm and 2.0 µm from the 
surface.  In Figure 4.5a, at 0.5 μm, there are a large number of fluorescent events that are 
several milliseconds long for R6G.  These dwell times are much longer than the diffusion 
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time measured for R6G near the surface (~40 μs). It is also important to note that the 
measured number of events for these dwells represent minimum values because, despite 
the low excitation fluence in our FCS measurements, photobleaching limits detection of 
dwell times longer than several milliseconds.  These observed long focal volume dwell 
times deviate considerably from those expected from a typical distribution, as evidenced by 
the bulk data displayed in Figure 4.5a. The dwell time distribution is significantly 
broadened near the surface when compared with diffusion in the bulk. These long dwell 
times are consistent with adsorption events.  The present analysis reveals that there is a 
prolonged interaction of the R6G with the surface, consistent with chemisorption events 
described earlier.180 In conjunction with the frequency analysis data presented in Figure 
4.4, and the large standard deviations shown in Figure 4.3, the dwell-time data support the 
presence of rare, long-lived association events that are consistent with 
adsorption/desorption processes.193 As shown in Figure 4.5b, and consistent with the FCS 
data, the Alexa dye conforms to a model of simple diffusion, even close to the coverslip.    
One of the concerns in the study conducted by Schuster and coworkers183 was their 
inability to determine the attachment times for R6G to the surface. Using the dwell time 
analysis shown in Figure 4.5a, we were able to fit the bulk and close-to-surface data to 
exponential decay functions. The data measured close to the surface represents a 
convolution of long surface association events, bulk diffusion characteristics, and our 
instrument response function (IRF).  To extract the characteristic association time for 
molecules at the interface from this data, the convoluted data (dashed line in Figure 4.5) 
was decomposed into two exponential functions (dotted and dot-dashed lines in Figure 4.5, 
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respectively), representing the association-data function, and the combined bulk diffusion 
and IRF functions as obtained experimentally from measurements at 2.0 um away from  the 
surface.  The association-data function was extracted through Fourier deconvolutions of 
the two fitted exponentials. Fitting the resulting pure data function yields an association 
time. In this manner we establish that, in aqueous conditions, R6G shows a characteristic 
association time of 0.71 ms.  Again, this is a low estimate of actual association lifetimes 
because detection of longer-lived events is reduced by photobleaching. 
4.5 Conclusions 
The current studies offer evidence that R6G is attracted to a hydrophilic hydroxyl-
terminated silica surface under aqueous and acidic conditions above the protonation point 
of the hydroxyl surface group.  These studies suggest that, in order to avoid conditions in 
which surface interactions affect acquired data, diffusion studies using R6G should be 
performed at least 1 µm from the surface for confocal conditions, or salt should be added to 
shield the surface attraction when using the cationic R6G.  Blip dwell-time analyses yield an 
R6G surface association time of 0.71 ms. The anionic Alexa dye is not attracted to hydroxyl-
terminated silica, and thus presents itself as a good alternative to R6G as a diffusion probe 
when studies are to be performed near glass or hydrophilic substrates in aqueous 
conditions. 
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 Chapter 5  
Permeability of Anti-Fouling PEGylated 
Surfaces 
5.1 Abstract 
The present work reports on in situ observations of the interaction of organic dye 
probe molecules and dye-labeled protein with different poly(ethylene glycol) (PEG) 
architectures (linear, dendron, and bottle brush).  Fluorescence correlation spectroscopy 
(FCS) and single molecule event analysis were used to examine the nature and extent of 
probe-PEG interactions. The data support a sieve-like model in which size-exclusion 
principles determine the extent of probe-PEG interactions.  Small probes are trapped by 
more dense PEG architectures and large probes interact more with less dense PEG surfaces. 
These results, and the tunable pore structure of the PEG dendrons employed in this work, 
suggest the viability of electropolymerizable materials for tunable surfaces. 
5.2 Introduction 
The present work reports on in situ observations of the interaction of various probe 
molecules with PEGylated surfaces. Poly(ethylene glycol) (PEG) is used in a variety of 
surface preparations because of its hydrophilicity, low toxicity, and its suppression of 
nonspecific protein adsorption 70, 194-199.  Despite the wide use of PEGs in dental, 
ophthalmological, and surgical applications for anti-fouling purposes, a greater molecular-
scale understanding of its mechanism of activity is still desirable.  Given the structural and 
applications evidence for the relationship between structure and function in PEGylated 
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surfaces 46, 68-70, it is important to pursue an understanding of how various PEGylated 
surfaces resist nonspecific protein adsorption 200.  More broadly, a better molecular-scale 
description of transport at soft interfaces would benefit both ion-exchange and size 
exclusion chromatographic separations sciences 201-202, and the scientific understanding of 
chromatography, therapeutic separations, biosensors, and immunoassay. 
X-ray photoelectron spectroscopy, ellipsometry, fluorescence spectroscopy, theoretical 
modeling and other techniques extensively support the anti-fouling properties of 
PEGylated surfaces 28, 46, 67-68, 198-200, 203-210.  However, questions remain about the dynamics 
and mechanisms that direct how these surfaces serve as a physical barrier, decrease 
adsorption events, and/or repel proteins.  It is likely that the mechanism underlying 
function of soft PEG interfaces is more complicated than a simple physical barrier.  The 
mechanism may depend on the polymer chemistry involved in the fabrication of the 
surface, including methods involving end-grafting to a surface, radical-initiated 
polymerization, cross-linking and co-block polymerization 24, 33, 211.  These methods of 
chemical synthesis can produce products that vary in length, density, and architecture.  
Both polymer length and shape appear to be important parameters for controlling 
surface properties. All chain lengths show some resistance to nonspecific protein 
adsorption 69-70, 200, 212-216. Short oligo(ethylene glycols) (OEGs), of fewer than 11 monomers 
217,  decrease the van der Waals interactions between the surface and protein 215 and offer a 
layer of water protection 218.  Longer PEGs have been reported to operate based on steric 
repulsion, chain flexibility, hydrophobic forces, and entropic costs 67, 198-199, 219. Polymer 
shape also contributes to functionality, as cross-linked star-shaped polymers have been 
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observed to be superior in the reduction of nonspecific protein adsorption due to the dense 
matrix of chains on the surface 31, 220. Bottle-brush polymers have an intricate layering of 
“bristles” that presents a thicket of PEG chains 27-28. Apart from the chemical and steric 
repulsive forces listed above, sieve-like behaviors have been observed in cyclic 
voltammetry studies 69, in which molecules have been observed to permeate both low and 
high molecular weight (MW) polymers.  
In the present work, a variety of PEG brushes are studied, including linear, dendron, and 
bottle brush PEGs. For simplicity, the term PEG will be used for both higher MW PEGs and 
lower MW OEGs, and length differences will be explained in the text. We used confocal FCS 
and single event analysis to quantify the presence and extent of interactions between PEG 
and the cationic Rhodamine 6G (R6G) and anionic AlexaFluor 555® (Alexa) dyes as a 
function of distance from the surface.  We have successfully used these techniques to study 
transport at charged and crowded interfaces and with heterogeneous mixtures 122, 142, 170, 
221. Others have recently reported the successful use of FCS to understand probe-polymer 
brush interactions 222.  When measuring close to the substrate interface, it is important to 
consider dye-surface interactions 221. In order to offer insight into these questions we 
report evidence of the interaction of small molecules and proteins with linear and other 
forms of PEG brushes (Figure 5.1).   
We have also used novel electropolymerized PEG dendrons 223 to modify the pore 
size (distance between PEG chains) near the surface in efforts to study the tuning of the 
molecular sieve. FCS analysis of translational diffusion of the dyes in the presence of the 
polymer revealed two distinct components: a fast, bulk-like component and a slow, 
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hindered component. By comparing diffusion times for the R6G and Alexa dyes under the 
various conditions, it was found that interactions with the polymer contribute significantly 
to diffusion rates measured by FCS out to a focal position of at least 1.0 μm from the glass 
surface.  Similar studies on PEG dendrons support a physical sieve-like model for molecular 
diffusion near PEGylated interfaces. Lastly, we explored biocompatibility with the protein 
α-lactalbumin. 
 
Figure 5.1: Depiction of the surfaces used in this study. All details of surface modification are described in the 
text. (a) Structure of linear PEG brushes grafted to a glass surface.  Additional PEG brushes were prepared 
with GnCbztEG Janus-type dendrons on ITO surfaces.  Janus-type dendrons are “double-faced” molecules. In 
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this case, one face is the carbozole end, which is grafted onto the ITO surface, and the other face is the PEG 
chain extended in solution. Dendron generations used in this study include:  (b) G0CbztEG (c), G1CbztEG (d), 
G2CbztEG and (e) branched G1CbztEG. The dendrons are abbreviated as Gn in the text, with the branched 
dendron as GnB, (f) Structure of bottle brush polymers, with a PMMA backbone and PEG ‘bristles’.  
5.3 Methods and Materials 
5.3.1 Materials and Linear PEG Preparation 
Many of the details of the sample preparation, setup, and theory have been 
previously reported 122, 142, 170, 221. 100 nm orange fluorescent carboxylate-modified 
FluoSphere beads (max abs/em: 540/560 nm) beads (1:1000 dilution) were used to 
determine the focal volume for the FCS measurements. Rhodamine 6G (max abs/em: 
530/566nm) and AlexaFluor® 555 (max abs/em: 555/565 nm) were diluted to 
approximately 100 pM for signal versus concentration optimization. NaCl (5M, Sigma-
Aldrich), KOH (85+%, Sigma-Aldrich), RbOH (Sigma Aldrich) and spectroscopic grade 
H2SO4 (J. T. Baker) were diluted to a 0.001N solutions supplying the differing environments 
for the fluorescent dyes. The basic solutions were pH 11.0 and 8.0; the acidic solution was 
pH 3.0. Hyclone Molecular Biology grade (MB) water (VWR) was used for all dilutions. No. 
1 coverslips were rinsed in the MB-grade water and plasma cleaned in oxygen for 2 
minutes.  For PEGylation, the coverslips were pre-treated with an amino-silane linker, 
Vectabond™ (Vector Laboratories). The reagent was dissolved in acetone and the plasma 
cleaned slides were submerged followed by a MB water rinse and drying with N2. An 
aqueous mixture containing 25% PEG 5000 (Fluka) and 11% NaHCO3 (7.5%, Sigma-
Aldrich) was then applied to the cavity of a custom silicon chamber.  The mixture was 
allowed to dry for 4 hours, followed by a MB water rinse and drying with N2. Figure 5.1a 
depicts the resulting PEGylated slide. Measurements were taken in each of the four 
solutions (aqueous, acidic, basic, and electrolytic) and at four depths (0.5, 1.0, 1.5, and 2.0 
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μm). 
5.3.2 PEG Dendron Synthesis223 
The three different generations of PEGylated carbazole linear dendrons, G0CbztEG, 
G1CbztEG and G2CbztEG, were synthesized (Scheme S1-2) by first preparing the three 
different generations of carbazole-terminated dendrons made through a sonochemical 
Mitsonobu type etherification method 224-225. The carbazole carboxylic acid dendrons were 
then functionalized with tetraethylene glycol units via dicyclohexylcarbodiimide coupling.  
1H NMR and MALDI-TOF spectrometry confirmed the structures of the desired GnCbztEG 
molecules. (The dendrons are abbreviated as Gn in the remainder of the discussion, with 
the branched dendron as GnB). Details of the linear-dendron synthesis can be found 
elsewhere 223, 226. Figure 5.1b-d depicts the the dendrons, from n = 0, 1, and 2. Figure 5.1e 
depicts the branched version of n = 1. 
Thin films were fabricated onto indium tin oxide (ITO) coated cover slips employing 
an ex-situ electrochemical polymerization technique, preventing the use of glass coverslips. 
All electropolymerizations were performed using an Autolab PGSTAT 12 potentiostat 
(Metrohm) coupled with an SPR instrument (Autolab ESPRIT from Eco Chemie) which was 
controlled by GPES version 4.9 software provided by MetrOhm and Eco Chemie. The 
electropolymerization was performed using cyclic voltammetry (CV) in a three-electrode 
cell containing 20 μM PEGylated carbazole dendron monomers and 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAP) as supporting electrolyte in 
chromatographic grade acetonitrile by sweeping the voltage from 0 V to 1.3 V for 20 cycles 
at a scan rate of 50 mV/s against a Ag/AgCl non-aqueous reference electrode and Pt 
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counter-electrode. 
5.3.3 PEG Bottle Brush Synthesis22 
Reagent chemicals were purchased from Aldrich and were used without further 
purification unless otherwise indicated. Tetrahydrofuran (THF) used in the synthesis and 
polymerization reactions was distilled from sodium/benzophenone ketyl. Methyl 
methacrylate (MMA, 99+%) and poly(ethylene glycol) methyl ether methacrylate 
(PEGMEMA) (MW 300) monomers, were passed through a column with alternating layers 
of activated basic alumina and inhibitor remover replacement packing to remove the 
inhibitor and were stored at -20 C. The chain transfer agent (CTA), 3,5-bis(4-(9H-carbazol-
9-yl)butoxy)benzyl 4-cyano-4-(phenylcarbonothioylthio)pentanoate (Cbz-CTA) was 
synthesized according to the method reported by Patton et al 25. 
Electrochemical deposition was performed with a Parstat 2263 (Princeton Applied 
Research) instrument using PowerSuite software. All experiments were carried out using a 
three-electrode set-up where the ITO cover slip was used as the working electrode, Pt wire 
as the counter electrode and Ag/AgCl as the reference electrode. The use of 
electropolymerization techniques prevented the use of glass coverslips. A solution of the 
CTA (0.5 mM) and the supporting electrolyte, tetrabutylammonium hexafluorophosphate 
(TBAH) (0.1 M) in THF was used for preparing the electro-generated CTA film. 
Potentiostatic experiment was employed to deposit the CTA using a constant potential of 
1.4 V for 240 seconds.  
In a typical run, a solution of PEGMEMA (4945 mg, 16.48 mmol), AIBN (0.9 mg, 
0.0055 mmol) and 25 mL of dry THF (for PEGMEMA polymerization) were degassed in a 
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Schlenck tube by bubbling with N2 gas for 30-45 minutes. The degassed solutions were 
transferred to another Schlenck tube backfilled with N2 gas containing the CTA-modified 
ITO cover slips through a cannula. The flask was placed in a preheated oil bath at 60 C for 
3 hours. The slides were then subjected to Soxhlet extraction overnight using THF as 
solvent to remove any unbound polymers. 
5.3.4 Characterization of the Surface 
The surfaces were analyzed by means of AFM, XPS, CV, and ellipsometry. The 
analyses of the surfaces are described in Appendix B. 
5.3.5 Protein Labeling and Purification 
Alexa Fluor® 555 succinimidyl ester (1 mg in dimethylformamide; Invitrogen Corp) 
was used to label a-lactalbumin (10 mg; Sigma-Aldrich) in 1 mL of 0.1 M sodium 
bicarbonate buffer, pH 7.4 to preferentially label the protein amine terminus rather than 
the є-amino groups of the lysines, according to the manufacturer’s protocol. 
 The reaction was incubated at room temperature for 1 hour under constant mixing, 
and stopped with 0.1 mL of freshly-prepared 1.5 M hydroxylamine, pH 8.5.  The labeled 
protein was dialyzed against water for 24 hours and then against 10 mM Tris, 100 mM NaCl 
at pH 8 for 24 hours.  
To ensure complete removal of the unincorporated fluorophore, PD-10 desalting 
columns and/or gel filtration chromatography was used. Gel filtration was carried out on a 
Pharmacia FPLC system using Sephadex 10/300 GL (GE Healthcare) with 10 mM Tris and 
100 mM NaCl at pH8 as running buffer. The fractions with an estimated fluorophore-to-
protein ratio of 1± 0.2 were used for the studies. 
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5.4 Results & Discussion 
5.4.1 Single versus Multiple Species Analysis 
Single-component diffusion algorithms are sufficient for describing dye diffusion near a 
glass interface. This is illustrated in 
Figures 5.2a and b for R6G and 
Alexa, respectively. As has been 
described previously 221, the 
cationic R6G dye exhibited 
Coulombic interactions with the 
glass while the anionic Alexa dye 
did not measurably interact with 
the surface. This can be seen in 
comparisons of the measurement 
close to and including the surface 
(0.5 μm, see section in 
Experimental describing geometry 
of focal volume) versus within the 
bulk solution (2.0 μm). However, 
analysis of experiments for the present interfacial measurements required a more 
sophisticated fitting algorithm, as discussed below.  
 
Figure 5.2: Single species averaged autocorrelation 
curves for R6G (a) and Alexa (b). Data sets from very close to 
the coverslip (0.5 μm, black) and far from the coverslip (2.0  
μm, gray) are shown. The average diffusion times, with error, 
are also displayed.  R6G displays an interaction with the 
surface; Alexa does not show any change in diffusion behavior 
near the surface. 
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5.4.2 Diffusion in the 
Presence of PEG  
FCS was used to examine 
translational diffusion of free dyes 
in the presence of the linear PEG-
functionalized surface depicted in 
Figure 5.1a. In these studies, the 
observed autocorrelation curves 
clearly indicate the presence of 
both free diffusion and a slower 
diffusion component. The two 
distinct diffusion regimes are 
obvious in the data analysis, as 
shown in Figure 5.3. Two-component analysis 136, 141 quantifies the fast component, which 
indicates free diffusion in bulk solution, and a slower component that indicates interaction 
between the dye and the PEG surface. The fast component was comparable to the 
measured diffusion constant for R6G in water. The characteristic bulk diffusion times were 
21 ± 2 μs and 21 ± 3 μs for the hard (glass) and soft(PEGylated) surface measurements, 
respectively.  
Hindered diffusion due to interaction with polymer brush-solvent interfaces has 
recently been attributed to coupling to surface polymer modes 222.  Other possible 
explanations include Coulombic forces between the dye and the PEG, and chemical 
 
Figure 5.3: Example of an autocorrelation curve of R6G within 
linear PEG brush at depth of 1.0 μm fit with the two species 
equation. The filled circles represent the autocorrelation data 
and the line is the fit to the data, with residuals plotted below. 
The diffusion parameters show evidence of surface interaction 
in the significant contribution of the slow component, as 
compared to the bulk-like fast component (which was fit to the 
observed parameter of an aqueous solution). 
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interactions such as hydrogen bonding or hydronium/hydroxide ion adsorption.227 
Distinguishing between each of these interactions was tested by following the relative 
contribution of surface diffusion in the confocal observation volume as a function of depth 
and altered solution chemistry. Thus, additional analyses were performed at various 
distances from the cover slip surface, as well as in different solution conditions, as 
discussed below.  
Depth-dependent measurements were performed using both cationic R6G and anionic 
Alexa dyes in neutral, aqueous solvent. As expected, the bulk-like contributions increased 
as the center of the focal volume was moved further from the surface (Figure 5.4). When 
 
Figure 5.4: From the amplitudes of the autocorrelation curves of the data, the percent contribution of the 
fast, bulk-like component was determined. Here, we compare all values for all depths for R6G (a) and 
Alexa (b). It can be seen that an increase in the percentage of the bulk-like diffusion occurs as the focal 
volume shifts from the surface in nearly all cases. The lack of interaction in the acidic environment (pH 3, 
H2SO4) for cationic R6G and in the basic environment (pH 11, KOH) for anionic Alexa is shown by the 
high percentage of bulk-like diffusion at all depths. The aqueous (pH 6 MB water) and electrolytic 
(0.001N, NaCl) environments are unaffected.  The same experiment was done for Alexa in an alternate 
base (pH 8, RbOH).The lines are included as a guide for the eye. 
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the observation volume includes the surface (0.5 and 1.0 μm), there is a large contribution 
of slow diffusion, whereas, further from the surface (1.5 and 2.0 μm), the interaction with 
the polymer is no longer apparent, as evidenced by the higher contribution of the bulk-like 
diffusion component.  The changes are observed at distances further than the PEG brush 
thickness of 40 nm because of the geometry of the focal volume extends to include the 
polymer layer even when the center of the focus is above the thin-layer (focal height is ~1 
μm; see Experimental Section). The long component is attributed to hindered diffusion. The 
presence of hindered and bulk diffusion is suggestive of sieve-like behavior of the linear 
PEG brush.  Further experiments were performed to elucidate the nature of this sieve-like 
behavior.  
The diffusion was studied in aqueous (pH 6.0, MB water), electrolytic (0.001N NaCl), 
basic (pH 11.0, 0.001N KOH; pH 8.0, 0.001N RbOH for Alexa), and acidic (pH 3.0, 0.001N 
H2SO4) conditions (Figure 5.4). The most striking observation is that acidic conditions most 
strongly decrease hindered diffusion of the cationic dye, (Figure 5.4a) whereas basic 
conditions most strongly decrease hindered diffusion of the anionic dye (Figure 5.4b).  
There are several possible explanations for the observed changes in diffusion 
characteristics. First, it is possible that changes to the PEG structure or chemistry are the 
primary force driving the observed surface interactions.  Next, it is possible that changes to 
the dye structure or effective dye size are primarily responsible.  Finally, Coloumb 
interactions could play a role.  The elimination of surface interactions in acidic solution for 
R6G and basic solution for Alexa is strong evidence that the primary driving force is  not 
changes in PEG structure, as any ionic effects on the neutral PEG brush would be the 
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reflected in similar fashion regardless of the identity of the dye probe at the concentration 
of the measurements 228-230. However, the intermediate effects of KOH on the cationic dye 
diffusion (Figure 5.4a) suggest that PEG chemistry/structure does play some role.  Another 
potential factor, the alternation of the dye chemistry  due to photochemistry or diffusion 
behavior, can be ruled out because the dye absorption/emission spectra remain 
independent of pH over a large range 231-232.  An additional possible mechanism  is the 
displacement of the native counterion of the dye. A larger counterion could explain the 
change in occurrence of hindered diffusion and is consistent with a sieve-like model for the 
PEG brush structure-function relationship.  
The dyes, in the solution conditions that reduce PEG interactions, are solvated by 
different ions than in their native salt form.  R6G is received as a chloride salt. The 
hydration shell of chloride is reported to be smaller than that of sulfate, with the radii 
reported as 5.79 and 5.76 Å, respectively 233. However, since sulfate is a divalent ion, it will 
coordinate with two dye molecules, resulting in a hydrodynamic radius that is more than 
twice the size of the original salt.  Thus, a larger coordination shell and resulting size 
exclusion are a likely explanation for the elimination of hindered diffusion in R6G under 
acidic conditions.   
Alexa is received as a sodium salt; the potassium cation of the hydroxide is larger, as 
well. Computational studies have reported that the hydrated shell radii of sodium and 
potassium are 2.37 and 2.80 Å, respectively 234. However, the relative size change of the 
newly complexed dyes cannot explain the observed results for Alexa because the use of the 
Rubidium hydroxide, with an even larger counterion, does not eliminate hindered diffusion 
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(Figure 5.4b).  The strong size exclusion is limited to the KOH conditions.  Additionally, 
some decrease in hindered diffusion in KOH conditions is observed with the cationic R6G 
dye (Figure 5.4a). 
A more likely explanation for the slower diffusion rates in the presence of potassium ion 
is its complexation by PEG chains, which can act as pseudo-crown ethers, with an 
especially-tuned affinity for potassium ions 235-236.  This complexation can cause the PEG 
chains to shrink, thus excluding the dye from the PEG brush, and can be observed in the 
hydroxide measurements of both the dyes (Figure 5.4), but more dramatically with the 
Alexa dye. As mentioned above, experiments with another alkaline hydroxide, RbOH, 
confirm that the potassium hydroxide data are anomalous. Thus, the results on linear PEG 
brushes, in addition to earlier studies69, 237-238, confirm that PEG brushes are not physical 
barriers.  Instead, the results support a model wherein linear PEG brushes are permeable, 
comprise sieve-like structures with which solutes can interact, and that the extent of 
interaction can be controlled by either changing the solute size or changing the sieve size. 
The size exclusion hypothesis can be further tested using PEG dendrons, which allow 
controllable cavity spacing by the degree of branching of the polymer. An explanation of 
these findings follows. 
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5.4.3 Diffusion in the Presence of Varying Pore Sizes  
In these experiments, the PEGylated 
dendrons depicted in Figures 5.1b-e were 
used to test the hypothesis of size-
dependent, sieve-like behavior for PEG 
brushes. Because R6G exhibits surface 
dependent diffusion and photophysics 221, 
239-240, Alexa was chosen as the primary 
probe for these studies. Four generations of 
Janus-type linear-dendrons were analyzed. 
The ellipsometric thicknesses of each brush 
were 0.9, 1.4, 2.8, and 1.8 ± 0.1 nm for G0, G1, G2, and G1B, respectively. As the dendron 
generation proceeds from G0 to G2, the density of PEG on the surface decreases due to the 
spatial requirements of the carbazole on the surface; subsequently, the pore size increases. 
Theoretical calculations of the  pore sizes of the dendritic PEGs have been calculated based 
on ellipsometric thickness and the MW of the molecules21. The grafting densities were 3.4, 
2.4, and 1.3 molecules/nm2 for the G0, G1, and G2 surfaces, respectively.  
The amount of interaction of the probe with the PEG brush depends strongly on the 
relative packing densities of the PEG dendrons. The autocorrelation curves for all dendron 
systems are included in the Supplemental Material (Figure S11).  It was found that as the 
dendron dimension increased from G0 to G2, and the brush density decreased, the probe 
dye exhibited correspondingly less interaction with the brush surface. This can be seen 
 
Figure 5.5: Comparison of the interaction of Alexa 
probe on G2 and G1B dendronized surfaces. The 
rising contribution of the fast, bulk-like species over 
the G1B dendron is indicative of the interaction of the 
probe with the surface. The lines are included as a 
guide for the eye. Inset features a comparison of the 
normalized autocorrelation curves for G2 and G1B 
dendrons at 0.5 and 2.0 um from the surface.  
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from the amount of surface diffusion in the autocorrelation curves.    The two extreme 
cases are compared in Figure 5.5, wherein the relative amounts of bulk-like diffusion of the 
G2 and G1B dendrons are shown.  The Alexa dye showed no interaction with the G2 
dendron, and considerable interactions with the G1B dendron. At all depths, diffusion over 
the G2 surface matches that of the probe in solution. This observation demonstrates that 
the least dense G2 dendron brush minimizes probe interactions with the surface.  In 
contrast, the more dense G1B dendron brush exhibited strong probe interactions.     
These results demonstrate clearly that, although the PEG chain structure might be 
preferred for biological applications because of its permeability to water and oxygen, its 
presence forms sieve-like pores, which can act as traps for diffusing molecules.    This 
property might or might not influence anti-fouling efficacy, as in recent studies, the G2 
dendron brush was found to exhibit anti-fouling behavior 223.   
5.4.4 Permeability of Bottle Brush Polymer Surfaces 
This notion of a sieve-like PEG structure was explored in a more extreme case, in which 
the bottle-brush PEG, illustrated in Figure 5.1f, was used as the substrate.  The bottle brush 
polymer used in this study has recently been found to display antifouling properties22. 
However, this was measured after incubation, rinsing, and drying of the sample. In our 
case, we monitored the probe, Alexa, over a surface that had been freshly prepared 
(‘untreated’) with the dye solution versus a surface that had been allowed to incubate for 2 
hours in water (‘incubated’). The results can be seen in Table 1. The diffusion time of the 
‘incubated’ sample is slower than that of the ‘untreated’ sample. This effect illustrates the 
strong interactions of the Alexa probe with the bottle-brush.  
54 
 
 54 
The extreme hydrophilicity of this system was apparent as the diffusion time of the 
Alexa probe was found to depend greatly on the exposure time of the sample to water.  Our 
diffusion analyses, the results of which are summarized in Table 1, demonstrate an 
increase in permeability with exposure time.  An increase in permeability as a result of 
incubation seems to be in contrast with a recent study in which a decrease in protein 
adsorption was observed for brushes of similar architecture after incubation of the sample 
241.  There are two possibilities for the decrease in protein adsorption with surface 
treatment. One is the possibility that the decrease in adsorption occurred because of the 
vacuum treatment of the surface in these experiments.  Under vacuum conditions, the 
forced collapse of the polymer may interfere with its preferred architecture. Incubation 
then allows the polymer to return to its native configuration. In our case, allowing the 
surface to remain in solution results in added hydration of the brush and possible 
reorientation of the PEG sidechains. This more flexible, hydrated structure provides more 
opportunity for the molecules to diffuse through the polymer and interact with the surface. 
These results show that the methods of measuring protein adsorption do not give a 
complete picture of the interaction of molecules with a surface. The second possibility is 
size-exclusion of the proteins from the dense surface, which is discussed below.  
Condition of Sample Slow Component Diffusion Time 
Untreated 46 ± 4 μs 
Incubated 1.2 ± 0.8 ms 
Table 5.1: The diffusion times of the Alexa probe in the untreated and incubated samples. The marked 
slowing of the probe in the incubated environment illustrates the permeability of the bottle brush 
polymerized surface. 
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5.4.5 Protein-PEG Interactions 
 The dendrons that resulted in interaction (G2, Figure 5.1d) and exclusion (G1B, Figure 
5.1e) of the organic dye probe (Figure 5.5) were tested with Alexa-labeled α-lactalbumin. 
The recovered characteristic diffusion times were 636 ± 90 μs and 161 ± 64 μs over the 
G1B and G2 surfaces, respectively (data not shown). The protein diffuses more slowly than 
the organic dye, as expected because of its larger size.  However, the diffusion times 
obtained by FCS suggest that the protein exhibits the opposite trend in surface interactions 
with the two dendron brushes than that observed with the smaller dye probe.   
To further assess the permeability of the surfaces, a single molecule blip frequency 
analysis was performed. Our diffusion data are collected in the time domain, which allows 
multiple analyses of the trajectories, such as single event (blip) frequency, intensity, and 
 
Figure 5.6: Single molecule blip frequency analysis of the Alexa-labeled  α-lactalbumin  (a) and free 
Alexa dye (b) diffusing over the G2 and G1B dendronized surfaces.  The error bars for each point reflect 
reproducibility from multiple experiments. For the protein sample, a nearly ten-fold increase in the 
number of events was observed near the less-dense G2 surface as compared to the more-dense G1B 
surface.  For the free dye sample, the opposite trend was observed.  The lines are included as a guide for 
the eye. 
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duration values.  Figure 5.6 displays the average number of events (with standard 
deviations over three samples) obtained for each acquisition period (trajectories binned up 
from 10 μs  to 100 μs) as a function of distance from the dendronized coverslip surface for 
the dye-labeled protein (Figure 5.6a) and the free dye (Figure 5.6b).  In the absence of any 
interactions between the dendron-treated surfaces and the probes, the frequency of 
observed events should be constant regardless of the measurement position, because it 
reflects the probe concentration, which was constant for the two samples.  Blip frequency 
analysis of the Alexa-labeled α-lactalbumin (Figure 5.6a) reveals an order of magnitude 
higher event frequency near the linear G2 brush surface as compared to near the branched 
G1B brush surface.  This indicates that the concentration of protein is higher near the less-
dense G2 surface than  near the more-dense G1B surface.  In direct contrast, similar 
analysis of the free Alexa dye (Figure 5.6b) reveals the opposite trend, and thus indicates a 
higher dye concentration near the G1B surface than near the G2 surface.   
Further experiments are underway to assess possible ionic, hydrophobic, and any 
additional interactions modulating the protein-brush system. In the interim, however, it is 
possible to make some preliminary assessment of the driving-forces.  Because both the 
Alexa-dye and the Alexa-labeled α-lactalbumin are negatively charged under the 
measurement conditions, it is unlikely that charge-charge interactions are responsible for 
the opposite trend in interaction with the dendronized surfaces.  It seems likely that the 
difference lies in size-exclusion effects.  The G2 dendronized surface offers larger pores 
with space between the PEG chains, thus allowing the protein to penetrate into and interact 
with the brush.  The smaller free Alexa dye can freely diffuse into and out of the brush.  The 
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G1B dendronized surface presents smaller pores, thus excluding the larger protein but 
trapping the smaller dye.  The strong protein-G2 interaction, combined with recent results 
that demonstrate the increased protein anti-fouling properties of the G2 brush 223, together 
highlight that anti-fouling properties do not necessarily correlate with exclusion.  These 
experiments further support the sieve-like properties of PEG and illustrate how the degree 
of permeability is dependent upon both the density of the chains on the surface and the size 
of the diffusion species. These experiments also illustrate that surface engineering can 
combine the attributes of these properties to produce an optimum surface for advanced 
functional surface applications. 
5.5 Conclusions 
We have measured the diffusion of cationic and anionic dyes in a variety of PEG 
structures. Both the cationic and the anionic dyes show a fast and slow component in the 
autocorrelation analysis. The slow component is evidence of the dye interacting with the 
polymer. These experiments reveal evidence of PEG pseudo-crown ether behavior in the 
presence of K, which can be seen in reduced interaction of the dyes with the PEG brush. 
Additionally, these experiments performed in multiple conditions prove that the PEG brush 
is permeable. We have also observed what we hypothesize to be size exclusion effects 
when allowing the dyes to exchange their native counterion for a larger one. In these 
instances, the dyes with larger hydrodynamic radii are excluded from interaction with the 
linear PEG. We have varied the pore size of the polymer at the surface with PEG dendrons 
and observed that density of PEG is also an important parameter. Overall, we found that 
there is a strong relationship between the probe size, mobility, and density of PEG on the 
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surface. Small probes get trapped by highly dense PEG architectures and exhibit 
interactions with moderately dense architectures. Large probes readily interact with 
sparsely populated PEG surfaces and are excluded from dense PEG architectures. The 
dendrons measured in this work offer the ability to vary both pore size and PEG density 
which allows fabrication of tunable surfaces. 
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Chapter 6  
Fluorescence Correlation Spectroscopy Study 
of Protein Transport and Dynamic 
Interactions with Clustered-Charge Peptide 
Adsorbents 
6.1  Abstract 
Ion-exchange chromatography (IEX) relies on electrostatic interactions between the 
adsorbent and the adsorbate, and is used extensively in protein purification.  Conventional 
IEX utilizes ligands that are singly charged and randomly dispersed over the adsorbent, 
creating a heterogeneous distribution of potential adsorption sites. Clustered-charge ion 
exchangers exhibit higher affinity, capacity, and selectivity than their dispersed-charge 
counterparts of the same total charge density.  In the present work, we monitored the 
transport behavior of an anionic protein near clustered-charge adsorbent surfaces using 
Fluorescence Correlation Spectroscopy. We can resolve protein free diffusion, hindered 
diffusion and association with bare glass, agarose-coated, and agarose-clustered peptide 
surfaces, demonstrating that this method can be used to understand and ultimately 
optimize clustered charge adsorbent and other surface interactions at the molecular scale. 
6.2 Introduction 
Chromatographic separation of proteins is a ubiquitous processing step in both 
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pharmaceutical manufacturing and basic research applications.  Ion-exchange 
chromatography (IEX), which relies on electrostatic interactions between charged 
adsorbents and protein molecules, is the most widely used chromatographic protein 
purification process 242 IEX can separate mixtures of biomolecules with high selectivity, 
including molecules with small differences in charge 64, 243-245.  Conventional IEX utilizes 
ligands that are singly charged and randomly dispersed over the adsorbent 243 creating a 
landscape of widely varying charge density, including isolated charges not expected to 
contribute to adsorption, and randomly-created patches of high local charge expected to 
dominate adsorption 246  
We previously showed that immobilizing charges in uniform groups creates 
“clustered-charge ion exchangers” which are more effective than their dispersed adsorbent 
counterparts with the same total charge density 64, 244 Specifically, clustered-charge 
adsorbents exhibit enhanced affinity and capacity of protein adsorption and greater 
selectivity in favor of proteins with patches of high local surface charge density. In related 
work, it was also demonstrated that a polymer brush with embedded cationic patches can 
sharply separate proteins with similar numbers of charges 247 Thus, clustered-charge 
adsorbents show promise for improving the purification of charged biomolecules.  
IEX has been combined with confocal microscopy to characterize adsorption 
behavior on the macroscopic level 248-251 and the adsorption of dye molecules on silica 
chromatographic substrates on the single molecule level 252 Theoretical modeling has also 
been applied to the study of these systems 253 The investigation of IEX with realistic protein 
adsorbates at microscopic levels, however, has yet to be performed. Monitoring ion-
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exchange adsorption at the single-molecule level includes interactions and dynamics of the 
probe molecule with the functionalized surfaces and in bulk solution 66, 254-258  
In order to understand and optimize IEX at the single molecule level, several 
experimental hurdles must be overcome.  First, it must be possible to prepare, label, and 
isolate adsorbates for analysis at a purity that is appropriate for single-molecule scale 
experiments.  Next, it is necessary to monitor and tune transport of the analyte to the IEX 
matrix.  Finally, it is necessary to minimize or eliminate unwanted nonspecific interactions 
and to differentiate between them and the desired specific interactions.  The first 
component, the preparation and characterization of single-molecule quality agarose and 
peptide-functionalized agarose substrates, is detailed in the Experimental section. The 
remainder of the current work as described below demonstrates the achievement of the 
latter two of these pre-requisite steps on the path towards the single-molecule study of 
protein chromatographic separation.   
We have used fluorescence correlation spectroscopy (FCS) to probe the dynamics 
and interactions of various probe molecules with hard and soft surfaces 122, 170, 221, 259  In 
particular, we have shown that it is possible to position the ~2 µm high confocal Gaussian 
beam to span the solid-liquid interface using a piezo-electric positioning stage, such that 
hindered diffusion due to interfacial effects can be distinguished from free diffusion.  Using 
this technique, in combination with single-molecule imaging and analysis algorithms, we 
can resolve and differentiate between nonspecific and specific interactions of the protein 
with the functionalized surface. These dynamics are important in understanding and 
optimizing the microscopic processes underlying chromatographic performance.  
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The dynamics of single molecules of Alexa Fluor 
555 ® (Alexa 555) dye and Alexa 555-labeled -
lactalbumin protein were studied above glass (Figure 
6.1A), spin-coated agarose thin films (Figure 6.1B), and 
cluster-charged peptide (penta-argininamide)-
functionalized agarose surfaces (Figure 6.1C). We 
monitored the interactions of the anionic protein with 
the anionic glass support, the agarose support matrix 
and the cationic anion-exchange ligands. Using free 
Alexa 555 dye as a reference, the hindered diffusion of 
single molecules of the Alexa 555-labeled protein in the 
presence of the clustered-charge ligands was 
quantified. Our ability to resolve protein free diffusion, 
hindered diffusion and association with the surface demonstrates that this method can be 
effectively used to characterize clustered-charge IEX at the single-molecule scale.  
6.3 Materials and Methods 
All chemicals were obtained from Sigma-Aldrich unless otherwise noted. Much of 
the experimental methodology has previously been reported 64, 122, 170, 221, 244, 259 
6.3.1 Agarose Surface Preparation 
All solutions were prepared with DI water unless otherwise noted.  No. 1 glass slides 
(VWR, 22 x 22 mm) were cleaned in a TL1 solution (4% (v/v) H2O2 (Fisher Scientific) and 
13% (v/v) NH4OH) at 80 °C for 90 seconds and then plasma cleaned in O2, on medium 
C
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Figure 6.1: Cartoon depiction of the 
dye-labeled protein diffusing over the 
three surfaces used in  this work. Bare 
glass surface (A), agarose-coated 
surface (B), peptide-  functionalized 
surface (C). 
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power, for 2 min (Harrick Plasma, PDC-32G).  Silicon templates (Grace Biolabs) were 
placed on the slides and 1 mL of hot 1% (w/w) agarose solution (US Biological) was spun 
onto the slides at 2000-3000 rpm (Model WS 400A 8NPP/Lite spin coater, Laurell 
Technologies Corp.). To immobilize the peptide, agarose surfaces were activated with 
aldehyde groups by treating the surfaces with 20 mM NaIO4 for 30 min as described in 
Afanassiev et al. 260  After washing with DI water and drying with He gas, the activated 
surfaces were treated with a 5 nM solution of the penta-argininamide peptide (Biomatik, 
NH2-GGRRRRRamide; the amide form of the peptide was used to eliminate the negative 
charge on the C- terminus as previously described 261-262) in coupling buffer (100 mM 
Na3PO4 (EM Science), 150 mM NaCl (Mallinckrodt Chemical), pH 7.2).  The peptides were 
immobilized on the surface with several drops of 20 mM CNBH4 (Pierce, diluted in 25% 
EtOH / 75% PBS) at 4 °C for 30 min.  Excess uncoupled peptide was removed by rinsing 
with coupling buffer, and unreacted aldehyde sites were reduced with 66 mM NaBH4  (in 
25% EtOH / 75% PBS) at 4 °C for 5 min.  The surfaces were finally rinsed gently with DI 
water and stored at 4˚C, if not used immediately. 
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6.3.2 Fluorescence Labeling of α-Lactalbumin 
Labeling was done according to the manufacturer’s protocol. Alexa 555 (max 
abs/em 555/565 nm) succinimidyl ester was 
dissolved in dimethylformamide at a concentration 
of 10mg/ml and 0.1ml of dye solution was slowly 
added to 1ml of 10 mg/ml  Ca2+ depleted α-
lactalbumin (Figure 6.2) dissolved in 0.1 M NaHCO3 
buffer, pH 7.4 , to preferentially label the protein 
amine terminus rather than lysine є-amino groups 
263  Initially, the protein was labeled with 
Tetramethylrhodamine isothiocyanate (TRITC) dye 
(max abs/em: 540/580nm, as shown in Fig 5). 
However, Alexa replaced TRITC due to higher 
photostability and brightness of the Alexa Fluor® 
dyes 232 The reaction was incubated at room temperature for 1 hour under constant 
mixing, and stopped with 0.1 mL of freshly-prepared 1.5 M hydroxylamine, pH 8.5.  The 
labeled protein was dialyzed against water for 24 hours and then against 10 mM Tris and 
100 mM NaCl at pH 8.0 for 24 hours. To ensure complete removal of the unincorporated 
fluorophore, PD-10 desalting columns and/or gel filtration chromatography was used. Gel 
filtration was carried out on a Pharmacia FPLC system using Sephadex 10/300 GL (GE 
Healthcare) with 10 mM Tris and 100 mM NaCl at pH 8.0 as running buffer. The fractions 
with an estimated fluorophore-to-protein ratio of 1 ± 0.2 were used for the studies. 
 
Figure 6.2: Structure of Ca2+ -
lactalbumin with five aspartate residues 
highlighted in yellow shown using Cn3D 4.1 
-lactalbumin with a 
large number of aspartate residues, which 
forms a cluster of negative charge, has been 
shown to be the binding site of the calcium 
ion.   
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6.4 Results and Discussion 
6.4.1 Agarose Surface Characterization 
Ellipsometry (M-2000 ellipsometer, J.A. Woollam) was used to determine that the 
agarose and peptide-functionalized agarose surfaces were 88.6 ± 1.9 nm thick using the 
Cauchy dispersion model for transparent media.  This makes the thin film 5% of the FCS 
beam height.  To confirm the successful immobilization of the peptide and to check the 
heterogeneity of the substrate, we used a BODIPY 650-labeled peptide 
(K(BODIPY650)GGRRRRR-amide) immobilized on the agarose matrix as described above.  
Figure 6.3 shows a scanning 
confocal image of the dye-labeled peptide-
functionalized agarose surface.  The image 
confirms the successful immobilization of 
the clustered peptides, the efficiency of 
washing of the agarose surface post 
immobilization, and control of cluster 
density for single-adsorbate analysis. The 
characteristic inter-peptide spacing was 
calculated to be approximately 1 μm.  
It was also necessary to characterize the presence of any detectable background 
fluorescence from the agarose film or peptide adsorbents, and to determine if there was 
significant nonspecific protein adsorption to the agarose support.  This was achieved by 
scanning confocal imaging of the agarose support, with and without peptide 
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Figure 6.3: 20x20 μm image of BODIPY650-labeled 
peptide-agarose slide.  Continuous scanning confirmed 
single-state photobleaching, implying that the bright 
features arise from single-dye labeled peptide 
molecules.  The average inter-peptide spacing is 1 μm, 
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functionalization, in the presence and absence of TRITC-labeled α-lactalbumin.  The results 
are shown in Figure 6.4A-D, in which it is demonstrated that there was negligible 
fluorescence background from the agarose support and that there was negligible 
nonspecific protein adsorption.  In particular, protein adsorption was only observed to 
occur when the agarose support was functionalized with peptides.   
 
Figure 6.4: Scanning confocal images of: A) agarose film on glass, showing that agarose itself is not fluorescent at 
our excitation/emission conditions (532 nm/633 nm); B) agarose functionalized with penta-argininamide peptide 
charge clusters, showing that peptide immobilization does not introduce fluorescence; C) agarose with flowing 
TRITC-labeled α-lactalbumin in solution, showing distributed background fluorescence of flowing protein, but no 
localized adsorption events; D) agarose with peptide clusters after flowing TRITC-labeled α-lactalbumin in solution, 
showing discrete protein adsorption events. 
 
6.4.2 Diffusion of protein and free dye over treated surfaces 
In Figure 6.5, diffusion coefficients extracted from autocorrelation analysis are 
compared for free Alexa 555 dye (top panel) and Alexa 555-labeled α-lactalbumin (bottom 
panel) over glass, agarose, and penta-argininamide-functionalized agarose surfaces both in 
the bulk solution and near the surface.  We observed that the anionic Alexa 555 dye 
exhibits no interaction with the anionic glass surface (Figure 6.5A), since the measured 
diffusion coefficients are identical whether the confocal observation volume included the 
surface or was centered in the bulk solvent.  This is expected, as we have previously 
reported that the anionic Alexa 555 shows negligible nonspecific interactions with anionic 
glass surfaces, in contrast to the commonly used cationic probe Rhodamine 6G 221, 239-240  As 
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expected, the mobility of the dye is greatly reduced upon conjugation to α-lactalbumin 
(Figure 6.5D), which has a much larger hydrodynamic radius 264  However, that comparable 
bulk and interfacial diffusion coefficients for the Alexa 555-labeled α-lactalbumin indicates 
that there are negligible weak non-specific interactions between the protein and the glass 
surface, as was observed for the Alexa 555 alone.   
As expected, both Alexa 555 and Alexa 555-labeled α-lactalbumin exhibit free 
diffusion when the confocal observation volume is focused in the bulk solution, far from the 
agarose-functionalized surface (Figures 6.5B and E, respectively; blue).  When the 
observation volume includes the agarose-functionalized surface, however, both Alexa 555 
and Alexa 555- labeled α-lactalbumin exhibit marked decreases in measured diffusion 
coefficients (Figures 6.5B and E, respectively; red).  This indicates that the diffusion of both 
analytes is hindered by the agarose support; the protein was hindered more strongly, likely 
because of its larger size.    
  The observed hindered diffusion could be caused by steric, electrostatic, and 
 
Figure 6.5: Autocorrelation curves for Alexa 555 (top; A-C) and Alexa 555- labeled α-lactalbumin (bottom; D-F). 
The measurements were taken over glass (A, D), agarose (B, E), and penta-argininamide aldehyde agarose (C, F) 
surfaces.  The measurements were taken with the confocal observation volume focused either in the bulk 
solution (blue) or including the surface (red) in 10 mM Tris-HCl, 10 mM NaCl, pH 8.0 at 22.1°C. 
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chemical contributions.  First, agarose is known to form relatively large pores that can 
range from 9 to 90 nm in size 265-266  As we have recently shown, soft porous substrates can 
form sieve-like structures that sterically hinder the diffusion of probes such as dyes and 
proteins via hydrostatic effects 259  Other proposed steric interactions that have been 
identified by FCS include coupling to higher-order polymer vibrational modes 222  Thus, the 
overall effect of steric interactions would be to decrease solute mobility near, on and inside 
the porous substrate, which is consistent with the observed effects.  Electrostatic 
interactions would be expected to yield repulsive forces between the anionic probes and 
slightly negatively charged agarose substrates.  Repulsive forces (in contrast to attractive 
electrostatic interactions) would not cause a decrease in mobility, as observed here. 
Instead , repulsive forces would cause a decrease in surface concentration, as we have 
demonstrated via single event analysis and will discuss later in the manuscript 221   Finally, 
it is possible that the protein’s hindered diffusion could result from hydrogen bonding 
between the protein and the support matrix 267-268 This type of behavior has been observed 
with lysozyme, which is structurally similar to α-lactalbumin 269-270  Single molecule 
imaging, and the extensive successful practical use of agarose-based adsorbents, offer 
strong evidence that there are only negligible nonspecific chemical interactions between 
the protein and agarose.  Thus, based both on our experimental analysis and on our more 
detailed recent study of sieve-like behavior of porous soft interfaces 259 we believe that the 
primary contributor to the modification of protein mobility in agarose is steric interactions.   
That we observe steric interactions between the agarose surface and both Alexa 555 
and Alexa 555- labeled α-lactalbumin protein analytes contradicts an earlier study in which 
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minimal steric surface interactions were observed when Fluorescence Recovery After 
Photobleaching (FRAP) was used to measure diffusion coefficients for α-lactalbumin 
interacting with 2% agarose 271  There are several possible explanations.  First, 
uncertainties in laser beam dimensions in FRAP experiments could lead to 
misrepresentation of diffusion coefficients and hydrodynamic radii.  In contrast, the 
current work employs a characterization of the confocal beam dimensions as part of every 
measurement to ensure that accurate confocal beam dimensions are used in calculating 
diffusion coefficients 122, 142, 170, 221, 259  Next, the present measurements employ a 
piezoelectric sample stage with nanometer stability precision for accurately (and 
reproducibly) positioning the confocal observation volume with respect to the thin 
supported film.  As these and other depth-dependent measurements clearly demonstrate 
221 only by accurately overlapping the center of the Gaussian focal volume with the thin 
supported film is it possible to quantify the small contributions from surface interactions 
(see Methods section for discussion on focal volume).  As demonstrated in Figure 6.5, if the 
measurement is performed in the bulk of the solution (and away from the surface), bulk 
diffusion dominates the signal, and surface interactions are negligible.  Finally, because the 
FRAP study employed 2% agarose, the smaller pore size, relative to that in the 1% agarose 
use in the present work, would further exclude the dye and protein analytes and perhaps 
minimize the observable effects of surface interactions.   
Anomalously slow diffusion, which is evidence of long-lived association interactions 
between the α-lactalbumin and the surface, is observed with the penta-argininamide -
functionalized agarose surfaces (Figure 6.5F).  The corresponding dye control, in which 
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only hindered diffusion is observed with the Alexa 555 probe, is shown in Figure 6.5C.  A 
further control, in which association-induced anomalous diffusion is demonstrated to occur 
only at discrete positions on the sparsely peptide-functionalized agarose surface, is 
discussed below.  The slow fitted diffusion coefficients, and the dominance of these events 
in the detected signal, even when the beam has been moved into the solvent, are indicative 
of association events 221  When long-lived interactions are the predominant phenomenon, 
these events dominate the autocorrelation decay curves, even when measuring further 
away from the surface.  This results from the nature of FCS phenomenology, and is 
discussed in previous work 142.  The anomalously long extracted diffusion coefficient 
indicates long-range Coulombic interactions between the cationic charge-clustered penta-
argininamide and the anionic probe molecules, and is consistent with previous work on the 
adsorption of proteins on  penta-argininamide clustered-charge adsorbents 64  Future 
efforts will employ single event analysis to extract association/dissociation constants 
under conditions relevant to practical separations, as demonstrated previously 221 
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6.4.3 Heterogeneity of the Agarose Surface 
We would expect the slowest 
diffusion component, which we assign to 
protein-peptide associations, to be a 
localized observation.  This is because the 
inter-peptide spacing is approximately 1 
μm, and because the confocal beam 
radius is approximately 215 nm, and 
therefore the peptide spacing is sparse 
enough to differentiate between agarose-
hindered diffusion and peptide 
association-induced anomalous diffusion 
on the same sample.  This is 
demonstrated in Figure 6.6, in which 
anomalous diffusion, indicating association events, is only observed at certain positions on 
the sample, as would occur when the observation volume overlaps a penta-argininamide-
functionalized region.  By moving to other portions of the same sample, it is possible to 
extract the same hindered diffusion data as would be expected if the protein were only 
above the bare agarose surface. 
 
Figure 6.6:  Autocorrelation curves for α-lactalbumin 
at different locations on a peptide functionalized 
agarose surface measured in the bulk (blue) and at 0.5 
µm from the surface (red). Measurements at certain 
locations on the same sample indicate only nonspecific 
interactions dominate transport phenomena (top 
panel). Measurements at other locations indicate 
strong interactions between the protein and the 
peptide-functionalized agarose surface (bottom panel).   
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6.4.4 Protein-Peptide Interactions 
We also used single-event 
frequency analysis to characterize 
repulsive interactions between probes and 
surfaces, which are more difficult than 
attractive interactions to assess with 
traditional FCS analysis.  Repulsion is 
important, however, because it is the 
competition between specific adsorptive 
attractions and non-specific desorptive 
repulsive interactions, tuned with various 
elution buffers, that controls separation 
efficiency and resolution.  We successfully demonstrated that  it is possible to study 
repulsive interactions using single event (blip) frequency analysis of single events in which 
a dye-labeled analyte diffuses into the observation volume, is detected, and diffuses out 
again. Figure 6.7 displays the average number of events (with standard deviations over 
three samples) obtained for each acquisition period (trajectories binned up from 10 μs to 1 
ms) as a function of distance from the surface for the dye-labeled protein over both agarose 
and penta-argininamide functionalized agarose surfaces.  Whereas the relative number of 
observed fluorescence events is constant (within the measurement error) at all distances 
from the peptide-functionalized surfaces, there were fewer detected fluorescence events 
near the pure agarose surface than in the bulk solvent.    As discussed above, it is important 
 
Figure 6.7: Single molecule blip frequency analysis of 
the Alexa 555-labeled α-lactalbumin  diffusing over 
the agarose and peptide-functionalized agarose 
surfaces. The spread in intensity values for each point 
reflects reproducibility from multiple experiments. 
The negatively charged agarose repels the protein as 
shown by a smaller number of events near the surface 
as compared to the measurements in the bulk.  The 
lines are included as a guide for the eye. 
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to note that any detection of surface interactions far from the surface results from the 
nature of the confocal excitation volume (as discussed above), rather than from long-
distance persistence of surface interactions. 
The blip frequency analysis in Figure 6.7 clearly demonstrates a decrease in the 
number of diffusion events close to the surface for the protein-agarose system.  This would 
be expected in a system in which electrostatic repulsion, in the absence of specific binding, 
causes a decrease in concentration near the support. The Coulombic repulsion between the 
like-charged protein and agarose resulted in a decreased number of events (and thus 
adsorbate concentration), closer to the surface.   
With the peptide functionalized surface, the effects are less dramatic, as there are 
also attractive forces between the penta-argininamide and the protein, in addition to 
nonspecific repulsive forces. In the presence of the ligands, the protein has a higher 
probability of staying close to the surface. This is not seen in an overall increase in the 
number of events close to the surface, however, because the proteins are inclined to stick to 
the ligands, which restricts the diffusion and lowers the number of pure diffusion events 
observed. Even so, due to the heterogeneity of the surface (Figure 6.6), there is still a 
probability that the proteins will be repelled from the surface into the bulk. This probably 
accounts for the slight increase in the number of events of the peptide-agarose surface 
moving from near the surface to the bulk solution, and also for the greater variability in the 
number of detected events close to the peptide-functionalized surface. 
6.5 Conclusions 
We have demonstrated the feasibility of each of the separate steps required for 
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characterizing protein ion-exchange separations on a single molecule scale.  We have 
prepared clustered-charge functionalized surfaces that show definite electrostatic 
interaction versus bulk diffusion. We have shown that it is possible to distinguish between 
free diffusion, hindered diffusion resulting from steric interactions with the interface, and 
electrostatic association.  The benchmarks presented here for sample preparation and 
analysis will allow us to understand and optimize the clustered-charge ion exchange 
parameters at the molecular scale in future experiments. 
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Chapter 7  
Strong Affinity of Anionic Dye to pH Responsive 
Material Probed by Traditional and Scanning FCS  
7.1  Abstract 
The present work reports on observations of the interaction of cationic and anionic 
organic dye probe molecules with a poly(2-(dimethylamino) ethyl-methacrylate) 
(PDMAEMA) brush architecture at basic and acidic pHs.  Traditional and scanning 
Fluorescence correlation spectroscopy (FCS) were used to examine the nature and extent 
of probe-polymer interactions. The data support observations of strong Coulombic 
interactions between the anionic probe and the brush in an acidic environment. The probes 
are also found to have a preferential affinity for the brush. These results, and the 
responsive properties of the PDMAEMA brush employed in this work, contribute to the 
basic understanding of transport in external stimuli responsive materials for tunable 
surfaces. 
7.2 Introduction 
The present work reports on observations of the interaction of various probe 
molecules with surfaces polymerized with stimuli responsive polymers, namely poly(2-
(dimethylamino) ethyl-methacrylate) (PDMAEMA). Recently, interest in and usage of 
switchable polymers has risen. Materials that have the ability to sense changes in 
properties such as temperature, pH, and/or ionic concentration are especially desirable for 
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varied applications.5, 7-13 The weak polyelectrolyte PDMAEMA has potential to be used in a 
variety of surface preparations due to its response to pH and temperature6, 13, 16.  Other 
applications include diagnostics and controlled drug delivery.272-274  
Due to the 
potential for 
use in 
switchable 
applications, 
and because of 
the relationship between structure and function in stimuli responsive thin film surfaces, it 
is important to pursue an understanding of how PDMAEMA brush-modified surfaces affect 
transport of molecular ions as a function of pH.  These analyses are important because 
environmental pH is used to control thickness, composition, and ionization in the building 
phases of these polymers.275-276 More broadly, a better molecular-scale description of 
transport at soft interfaces would benefit both biomedical and pharmaceutical applications, 
and the basic understanding of the discrete switchability of these smart surfaces. 
Weak polyelectrolytes have been reported to have more complicated folding and 
unfolding transitions than the coil-to-globule model previously embraced.277 Due to the 
mobility of the charges along the weak polyelectrolyte backbone, in contrast to the static 
charges of strong polyelectrolytes, the transition from coil to globule is not a 
straightforward one. Many intermediate states may be sampled as the charges move along 
the backbone, and those states are heavily dependent on pH. Wang and coworkers assessed 
 
Figure 7.1: Schematic of the unprotenated (l) and protenated (r) DMAEMA monomer 
with corresponding pH conditions. 
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the local pH around polymer strands in comparison to the bulk pH in polymer-free 
solutions of FITC.277 The difference between the local and bulk pH enlarged with increasing 
MW, due to the larger number of mobile charges.  
FCS  has been used to explore the importance  fine evaluation and characterization 
of polyelectrolyte surfaces.121-122, 170, 259 In the present work, we used traditional FCS, and 
line scan FCS to quantify the presence and extent of interactions between PDMAEMA, the 
cationic Rhodamine 6G (R6G), and anionic AlexaFluor 555® (Alexa) dyes as a function of 
distance from the surface.   Recently, we have successfully used these techniques to study 
transport at charged and crowded interfaces and with heterogeneous mixtures.121-122, 170, 
221, 259 When measuring close to the substrate interface, it is important to consider dye-
surface interactions. In order to offer insight into these questions we report evidence of the 
interaction of small molecules with different thicknesses/lengths of PDMAEMA brushes.  
FCS analysis of translational diffusion of the anionic dye in the presence of the polymer 
revealed strong interaction in acidic environment. Scanning FCS was used to confirm the 
interaction, since it is more sensitive to slower diffusion. To our knowledge, this is the first 
application of line scan FCS to a materials, rather than a biological, system. 
7.3 Materials and Methods 
Many of the details of the sample preparation, setup, and theory have been 
previously reported121-122, 142, 170, 221, 259. 100 nm orange fluorescent carboxylate-modified 
FluoSphere beads (max abs/em: 540/560 nm) beads (1:1000 dilution) were used to 
determine the focal volume for the FCS measurements. Rhodamine 6G (max abs/em: 
530/566nm) and AlexaFluor® 555 (max abs/em: 555/565 nm) were diluted to 
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approximately 100 pM for signal versus concentration optimization. KOH (85+%, Sigma-
Aldrich) and spectroscopic grade H2SO4 (J. T. Baker) were diluted to a 0.001N solutions 
supplying the basic and acidic environments for the fluorescent dyes, respectively. The 
basic solution was pH 11.7; the acidic solution was pH 3.5. Hyclone Molecular Biology 
grade (MB) water (VWR) was used for all dilutions. No. 1 borosilicate coverslips were 
cleaned using a TL1 wash (80º C 1:1:6 mixture of NH3OH:30% H20 2:H2O), followed by 
oxygen plasma cleaning for 2 minutes. Measurements were taken in each of the three 
solutions (aqueous, basic, and acidic) and at four depths (0.5, 1.0, 1.5, and 2.0 μm)/ two 
depths (0.5 and 2.0 μm).  
2-(Dimethylamino)ethylmethacrylate (DMAEMA, 99%) was purchased from Acros  
Organics. Before polymerization inhibitor was removed by passing the compound through 
a tube containg alternating layers of inhibitor remover and alumina. 1,1,4,7,10,10-
hexamethyl triethylenetetramin (HMTETA, 97%) and copper(I)bromide (CuBr) were 
purchased from Aldrich and Alfa Aesar respectively, and used without any modification.  
7.3.1 Preparation and Characterization of the PDMAEMA Surface 
Self assembled monolayers of ATRP-silane were prepared according to literature, 
and depicted in Figure 7.2.26 The surface initiated atom transfer radical polymerization 
ATRP (SI-ATRP) of PDMAEMA was performed using a typical 3 schlenk tube system. The 
first schlenk tube contained 
5.04 ml of DMAEMA and 40.8 
mL of HMTETA dissolved in 30 
ml of acetone and degassed 
 
Figure 7.2: Depiction of the polymerization process. 
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with N2 for 30 min. The second and third schlenk tubes contained 21.6 mg of CuBr and the 
ATRP-silane monolayer coated slide respectively. Upon degassing, the contents of the tube 
1 and 2 were combined and allowed to stir for 10 min. Then the solution was transferred to 
the modified film substrate and allowed to polymerize for the desired time.  
Null ellipsometry was used to determine the thickness of the brush films. All 
measurements were conducted using a null-ellipsometer operating in polarizer-
compensator-sample-analyzer (Multiskop, Optrel Berlin) mode. As a light source, a He–Ne 
laser (632.8 nm) was applied, and the angle of incidence was set to 608˚. 
Table 7.1: Ellipsometry Data 
Dry thickness  
Thin brush: (6 hr)  12 ± 2 nm 
Middle brush: (12 hr)  38 ± 3 nm 
Thick brush: (24 hr)  82 ± 4 nm 
Thickness at pH 3  
Thin brush: (12.4 ± 1.2 nm)  15 ± 1 nm 
Middle brush: (38.4 ± 3.1 nm)  50 ± 2 nm 
Thick brush: (82.2 ± 4.5 nm)  108 ± 4 nm 
Thickness at pH 11  
Thin brush: (12.4 ± 1.2 nm)  10.2 ± 0.3 nm 
Middle brush: (38.4 ± 3.1 nm)  26 ± 3 nm 
Thick brush: (82.2 ± 4.5 nm)  62 ± 2 nm 
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7.4 Results & Discussion 
7.4.1 Cationic vs. Anionic Probe 
PDMAEMA is a weak polybase. In 
acidic pHs, the amine group of the 
DMAEMA becomes protenated. The 
Coulombic repulsion that occurs as the 
protenated groups remain in close 
proximity on the polymer chain results in 
an elongation of the chain.6, 13 Therefore, 
the brush swells to relieve the Coulombic 
strain. This can be seen in Table 7.1. The 
thickness of the brushes at acidic pHs is 
greater than that of the dry thickness.  This 
change is clear for the Middle and Thick brushes. This provides evidence that the brush is 
affected by the surplus of hydronium ions. 
Conversely, in basic pHs the amine group of the DMAEMA does not have a charge, 
and therefore shrinks.6, 13 This can also be seen in Table 7.1. The thickness of the brushes at 
basic pHs is less than that of the dry thickness.  This change is clear for the Middle and 
Thick brushes. This provides evidence that the brush has a response to basic environments 
as well. In low pHs, the brush swells, as the hydronium ions are attracted to the anionic 
backbone and repel from each other. In high pHs, without this Columbic interaction, the 
 
Figure 7.3: Plot of diffusion times as a function of pH 
near the surface of the Middle brush. These were 
acquired with traditional FCS. Both the cationic (square 
marker) and the anionic (circle marker) probes are 
featured. The cationic probe shows no evidence of 
interaction at either pH. The anionic probe heavily 
interacts at pH 5.  The anionic probe shows no evidence 
interaction at pH 11. 
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brush collapses on itself.6, 13 The switching of the brush affects the probes, as can be seen in 
Figure 7.3.  
Figure 7.3 describes the trend of diffusion times as a function of pH for both the 
cationic and anionic probe as measured using traditional FCS measured near the surface 
(0.5 μm from the surface). The three environmental pHs used in this study were pH 5 and 
11.  
 These environmental effects are also evident in Figure 7.3. At high pH (pH = 11), 
neither probe exhibited interaction with the brush. The diffusion times were comparable to 
those of the probes in bulk solution;221 the diffusion times for the cationic and anionic 
probes were 38 ± 5 μs and 45 ± 3 μs, respectively. It is evident that in its collapsed state, the 
brush did not garner interaction of the probes. At low pH, the cationic probe did not exhibit 
interaction with the brush. The diffusion time at this condition remained comparable to 
that of the probe in bulk solution;221 the diffusion time of the cationic probe was 43 ± 3 μs. 
At low pH (pH = 5), the cationic probe appeared excluded from the brush in favor of the 
hydronium ions present in the solution. However, at low pH, the anionic probe exhibited 
interaction with the brush. The diffusion times were much longer than  those of the probes 
in bulk solution, at 76 ± 45 ms. The diffusion of the anionic probe in the acidic environment 
is three orders of magnitude longer than the anionic probe in the basic environment and 
the cationic probe in both environments. The Coloumbic interaction between the anionic 
probe and the protonated brush is evident in this analysis. There is a large spread in the 
data for the anionic probe at the low pH. Large standard deviations in FCS data suggest the 
presence of anomalous events such as aggregation or adsorption.183 Adsorption events 
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would be expected with a strong Coulombic attraction between the probe and brush. 
7.4.2 Complete Solvation of Probe by Brush 
 Additionally, a near complete solvation of the anionic probe in the weak 
polyelectrolyte was observed at low pH (data not shown). From the intensity trajectories, 
events are distinguishable from noise due to the larger fluctuations in signal. Since we can 
control the piezo stage with nanometer precision, we took data at a focal depth of 0.5 μm 
from the surface, as well as 1.5 μm from the surface. These depths shall be termed ‘near the 
surface’ and ‘in the bulk’, respectively. It was observed that intensity trajectories for the 
cationic probe exhibited fluctuations in signal consistent with those expected for diffusion 
events. This means that there were probes diffusing through the focal volume at both 
depths. However, for the anionic probes, fluctuations consistent with diffusion events were 
only observed near the surface. In the bulk 
solution, the signal collected proved to be 
mostly noise. This indicates that the anionic 
probe has a strong affinity for the 
protonated brush.       
7.4.3 Scanning FCS Analysis 
Line scan FCS was used to further 
probe the interaction of the anionic probe 
near the surface in the pH 5 environment. 
Traditional FCS can be insensitive to longer 
 
Figure 7.4: Plot of diffusion times as a function of 
brush thickness (all three brushes are represented) 
in environment of pH 5. These were acquired with 
line-scan FCS. Only the anionic probe is featured; the 
diffusion time remains constant even as the density 
of the brush changes.  
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lived events since, even though the excitation fluence of our experiments is low, probability 
of photobleaching heightens for slower diffusing probes.129 Figure 7.4 displays the 
characteristic diffusion times as a function of ellipsometric thickness. The Thin (12 nm), 
Middle (38 nm), and Thick (82 nm) brushes are all represented on this plot. 
As previously stated, traditional FCS resulted in a characteristic diffusion time of 76 
± 45 ms of the anionic probe in the Middle PDMAEMA brush at a pH of 5. In contrast, line 
scan FCS resulted in a much longer diffusion time of 14 ± 2 s in the same conditions. There 
were 2 orders of magnitude in difference between the two types of measurements. This 
revealed an extremely strong interaction of the anionic probe to the protonated state of the 
PDMAEMA brush that was not measureable in traditional FCS. Yet, what was not 
distinguishable was whether the interaction was absolutely hindered diffusion or if it was 
an average between adsorption events, hindered diffusion, and free diffusion. We plan to 
use wide field imaging techniques to further probe those details. 
Additionally shown in Figure 7.4 was the observation that the diffusion time did not 
change as a function of brush thickness. We have recently observed that brush thickness 
can affect the transport through neutral polymer brush architectures.259 However, that was 
not the result observed in this system. The presence of mobile cations along the polymer 
backbone and the strong Coulombic interactions between the probe and the protonated 
PDMAEMA structure may negate the effects of density previously found.277  
7.5 Conclusions 
In the present work, we sought to investigate transport with PDMAEMA, a pH-
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responsive polymer brush that shrinks in basic pHs and swells in acidic pHs. Traditional 
and line scan FCS techniques were used to probe this interaction near the surface with 
cationic and anionic dyes in an acidic and basic environment. Traditional FCS reveals no 
interaction of the cationic probe with the brush, as the diffusion constants are comparable 
to those of free diffusion. Traditional FCS does show an interaction between the anionic 
probe and the brush in the acidic environment. Scanning FCS has been proven the more 
sensitive technique for slow diffusion. Studies done with line scan FCS revealed a very 
strong interaction of the anionic probe with the brush, which was hinted at by the results 
from traditional FCS. In addition to the results founded by the FCS techniques, we observed 
an extreme affinity for the anionic probe to the polymer in low pHs, as there are a 
negligible number of events in bulk solution compared to those near the surface. 
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Chapter 8  
Conclusions & Future Directions 
8.1 Conclusions 
The push for technological advances in the biomedical industry calls for new 
materials that will specifically interact with intended species and respond as the 
environment changes. Engineered nanostructured materials offer the benefit of tunability; 
these tunable properties present opportunities to develop highly efficient substrates and 
devices. It is therefore necessary to establish a fundamental and comprehensive 
understanding of the heterogeneous processes involved in transport within these 
nanostructured materials. I have focused on the transport in both functionalized and 
stimuli-responsive surfaces using FCS to determine the extent of interaction of relevant 
probes. 
 
Chapter 4 investigates the presence of an interaction between two oppositely 
charged and well-known probes and hydrophilic hydroxyl-terminated silica surfaces. The 
cationic probe (R6G) displays a Coulombic interaction with the silica surface for conditions 
in which the surface hydroxyls are protonated. This study offers a mechanistic response to 
the wide range of characteristic diffusion times that have been reported for R6G over glass 
surfaces. It also suggests that for accurate analysis the cationic probe should be measured 
at least 1 µm from the surface for confocal conditions, or salt should be added to shield the 
surface attraction. It also resolves Alexa to be a more robust probe than R6G since it did not 
exhibit surface interactions that strongly affected the transport dynamics.  
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Chapters 5 and 6 investigate the interaction of free dye and dye-labeled proteins 
over functionalized surfaces. Chapter 5 presents a PEGylated surface that has been 
modified with a series of dendrons that offer increasing ligand space as well as a bottle 
brush polymer that represents an extremely crowded surface. In the case of the free dye, 
two components were extracted from the FCS analysis. The slow component is evidence of 
the free dye interacting with the polymer whereas the fast component is consistent with 
free diffusion. As a function of ligand density and probe size, this proved the PEGylated 
surface was permeable and showed effects of size exclusion.  
 
Chapter 6 presents a agarose matrix functionalized with clustered-charge peptides; 
this surface is offered as an alternative to the current singly-charged peptide stationary 
phases in use for separations. The study shows evidence of free diffusion, hindered 
diffusion as a result of steric interactions with the agarose support, and electrostatic 
association with the peptides.   
 
Chapter 7 investigates transport within a polymer brush that responds to pH, also 
introducing the technique of scanning FCS to the investigations. The interactions of cationic 
and anionic probes are assessed in a pH-responsive polymer brush. This brush is a weak 
polybase; it shrinks in high pH and swells in low pH environments. An interaction of the 
anionic probe with the brush in low pH solutions is evident. Traditional FCS reveals a 
characteristic diffusion time for the anionic probe that is orders of magnitude larger than 
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the characteristic diffusion time of a free probe.  Scanning FCS is more apt to measure 
diffusion times on this timescale. In addition to the strong interaction between the probe 
and polymer brush we observe an extreme affinity for the anionic probe to the polymer in 
low pHs, as there are a negligible number of events in bulk solution.  
8.2 Future Directions 
Current literature shows that transport within nanostructured materials are of 
importance. The work of this thesis presents potential for additional work with these 
surfaces, some currently underway in the Landes Research Group. 
8.2.1 Temperature Control 
With the invention and implementation of equipment that finely controls a 
temperature gradient across a sample, there is the potential to exploit and examine the 
effects of pH and temperature on the PDMAEMA brush simultaneously. Earlier preliminary 
results within the research group indicate the applicability of using FCS to identify 
molecular transport mechanisms for the probes in the brush. 
8.2.2 Diffusion Along the Axis of the Polymer 
With the implementation of scanning FCS, exerted through nanometer-precision 
control of piezo stages, the next step is to examine behavior away from the surface. There 
has been reported evidence of charge hopping in layers of polymeric materials. Scanning 
along the axis of the polymer will give information on transport mechanisms in z. 
8.2.3 Wide Field Microscopy 
With the realization of slow dynamics as a result of interactions with the surfaces 
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and techniques used in this work, a real-time picture of such binding events would garner 
more information about the dynamics of the species of interest. Preliminary results show 
that data collection and analysis is feasible. 
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I. AUTOCORRELATION CURVES: 
  
 
Figure A1: Representative autocorrelation curves 
for R6G. Both 0.5 and 2.0 μm data sets are 
pictured, as well as the residuals below the curves. 
  
It is important to note that, although there is an inverse relationship between the 
concentration and the autocorrelation amplitude, other factors such as dye photophysics, 
brightness, and scattering as a function of depth within the sample complicate the observed 
relationship, as shown in Figures S1 and S2. 
II. SINGLE MOLECULE BLIP FREQUENCY ANALYSIS: 
 
Figure A2: Representative autocorrelation curves  
for Alexa. Both 0.5 and 2.0 μm data sets are  
pictured, as well as the residuals below the curves. 
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Figure A3: Mean events for R6G and Alexa in acidic conditions.  
The spread in intensity values at each depth reflect  
reproducibility from multiple experiments. Lines are drawn  
as a guide for the eye. 
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Characterization of the Linear PEG Brush Surface 
 
Figure B1: 5.0 μm2AFM images of bare (l) and PEGylated (r) surfaces. 
 
 
 
Figure B2: Visualization of contact angle measurement of  bare (l) and PEGylated (r)  
surfaces. Contact angles: 20.82 ± 0.68° for bare substrate and 51.42 ± 1.23° for  
PEGylated surface. 
 
The PEGylated surface was characterized by atomic force microscopy (AFM), ellipsometry, and 
115 
 
 115 
contact angle measurements. Figure S1 shows the AFM imaging of a 5.0 x 5.0 μm2 section of the 
surfaces. Figure S2 depicts the contact angle measurement. The water contact angle 
measurement of a bare surface was found to be 20.82 ± 0.68°; the contact angle measurement of 
the polymerized surface was found to be 51.42 ± 1.23°. These contact angles show that the 
surface was hydrophilic, which is consistent with the properties of the surfaces.  
 
Scheme and Characterization of the PEG Dendrons & Surface 
223
 
 
Scheme B1: Synthesis of the GnCbztEG linear dendrons. 
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Scheme B2: Reactions that resulted in the linear (top) and branched (bottom) dendrons. 
 
 
Scheme B3: Radical cation mechanism for carbazole electropolymerization. 
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Figure B3: AFM phase images of (a) bare ITO, and (b) topographic image of G2CbztEG after cyclic voltammetry deposition  
The electrochemical deposition of PEGylated materials onto solid substrates offers the 
advantages of obtaining a uniform coating in a fast and economical process, control of thickness, 
the analytical application of potentiostatic and potentiodynamic methods, and the feasibility of 
deposition onto a wide variety of substrates including metals and alloys, semiconductors, ITO–
coated glass, Au, and carbon 
278-280
. The electrochemical oxidation and polymerization of 
carbazole have been reported previously 
281-282
. 
 
Ambrose, et. al. suggested that the formation of 
the dicarbazyl dication at the 3- and 3’- positions (Scheme S3) is the predominant pathway 
during anodic oxidation while other groups reported the electrodeposition of films with longer 
polycarbazole chains under suitable conditions 
283-285
. 
In this study, 20 μM each of the PEGylated carbazole linear dendrons dissolved in acetonitrile 
was electrochemically deposited by cyclic voltammetry (CV) on ITO-coated cover slips. 
Electrochemical grafting of these linear-dendrons onto conducting surfaces from a very dilute 
118 
 
 118 
solution should allow for a very thin film of PEGylated molecules, provided that both the solvent 
and the potential (scan rate) are properly selected 
278
. Figure S4 shows the 1
st
 and 20
th
 cycles of 
the cyclic voltammograms of 20 µM solutions of each PEGylated carbazole dendron.  
 
 
From the cyclic voltammograms, the strong peaks observed for these films at 0.86 V – 1.24 V for 
all the generations are due to the oxidation of the carbazole units 
281-282
. Further, the redox 
process is quasi-reversible for all the generations, giving a corresponding reduction peak at 0.77 
– 1.01 V (vs Ag/AgCl). It can also be observed that as the polymerization proceeds for each of 
the generations, the peak current increases in the successive cycles for all the three GnCbztEG 
molecules indicating the growth of the polymer film on the ITO electrode.   
Figure B4: Cyclic voltammogram of 20 µM 
solutions (a) G0CbztEG, (b) G1CbztEG, and 
(c) G2CbztEG with 0.1 M TBAP and 
acetonitrile on ITO-coated cover slips. 
Electrografting was performed by sweeping 
the potential from 0 – 1.3 V vs Ag/AgCl 
reference electrode. 
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To further characterize the deposition onto ITO-coated substrates, 5 mM of G1CbztEG dissolved 
in acetonitrile was electrodeposited using the same conditions. The formation of a green colored 
film on the surface of the working electrode and the change from a pale yellow/colorless 
(reduced) into a green color (oxidized) solution was detected accompanying the redox processes.  
These observations were in good agreement with earlier reports 
281, 283
. Further analysis of the 
electrografted films using UV-visible spectroscopy revealed an absorption maximum at about 
396 nm corresponding to the π-π* transitions attributed to the 3,3′-dicarbazyl radical cation 
(polaronic band or doped state).  In addition, the appearance of a broad peak in the 600-800 nm 
region confirms the highly conjugated nature of the materials deposited on the ITO substrates 
224
. 
AFM phase images (Figure S3) showed the deposition of globular shaped domain features of 
G2CbztEG on ITO compared to the rough-edged surface of the native ITO substrate.  (The 
dendrons are abbreviated as Gn in the remainder of the discussion, with the branched dendron as 
GnB) 
 
Surface Characterization of the Bottle Brush Surface 
22
 
Static contact angle goniometry was conducted using a KSV CAM 200 instrument (KSV Ltd.) 
using the bubble drop method with water. 
All atomic force microscopy (AFM) images were recorded in air under ambient conditions on 
PicoScan 2500 (Agilent Technologies formerly Molecular Imaging, Corp.) equipped with an 8 × 
8 μm scanner. Intermittent contact mode was used for all phase imaging. The AFM tip used was 
a silicon-nitride AFM probe from Ted Pella Inc. 
A PHI 5700 X-ray photoelectron spectrometer (XPS) was equipped with a monochromatic Al 
120 
 
 120 
K  X-ray source (h =1486.7 eV) incident at 90  relative to the axis of a hemispherical energy 
analyzer.  The spectrometer was operated both at high and low resolutions with pass energies of 
23.5 eV and 187.85 eV, respectively, a photoelectron take off angle of 45  from the surface, and 
an analyzer spot diameter of 1.1 mm. The survey spectra were collected from 0 to 1400 eV, and 
the high-resolution spectra were obtained for photoelectrons emitted from C 1s, O 1s, S 2p, and 
N 1s. All spectra were collected at room temperature with a base pressure of 1 x10 
-8
. Electron 
binding energies were calibrated with respect to the C1s line at 284.8 eV. 
A PHI Multipak software (version 5.0A) was used for all XPS data processing. The high-
resolution data were analyzed first by background subtraction using the Shirley routine and a 
subsequent non-linear fitting to mixed Gaussian-Lorentzian functions. Atomic compositions 
were derived from the high-resolution scans. Peak areas were obtained after subtraction of the 
integrated baseline and corrected for sensitivity factors.  
The ability of the electro-active CTA (CBz-
CTA) to mediate surface-initiated RAFT (SI-
RAFT) polymerization on conducting 
surfaces was demonstrated by Tria et al. 
22
. 
The CTA necessary for surface-initiated 
RAFT polymerization of the PEGMEMA on 
ITO cover slips was deposited through 
potentiostatic techniques. A higher voltage 
than the oxidation peak of the carbazole monomer of the CTA (~1.15 V), in this case 1.4 V, was 
used to ensure the electrodeposition of the CTA on the surface 
22
. Successful electrodeposition of 
the CTA on the surface was confirmed by surface characterization. The static contact angle of 
 
Figure B5. XPS survey spectrum of the electrodeposited  
CTA on the ITO cover slip. 
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the surface increased from 39.28  1.85° (bare ITO cover slip) to 71.44  2.80° (CTA-modified 
slide), signifying the introduction of a relatively hydrophobic material on the surface. An XPS 
survey scan (Figure S5) of the CTA film showed all the expected elemental peaks of C, N, O, 
and S coming from the electro-generated CTA. Indium signals also showed up due to the indium 
tin oxide (ITO) surface. AFM images of the bare ITO cover slip and CTA-modified slip (Figure 
S6) also displayed a large difference in morphology where the appearance of globular domains 
of the CTA on the slide was prominent relative to the very flat surface of the bare slide.  
 
Figure B6. AFM topography images of (a) bare ITO cover slip and (b) CTA-modified slide. 
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SI-RAFT polymerization of PEGMEMA was 
then performed on the CTA-modified ITO 
cover slips after the confirmation of the 
electrodeposition of the CTA on the surface. 
The contact angle decreased from 71.44  
2.80 (CTA-modified slide) to 54.78  0.20 
(poly-PEGMEMA (PPEGMEMA) brush), 
which supports the incorporation of the 
surface-grafted hydrophilic PEG chains. This observation was further proven by the XPS 
analysis of the films, which showed an increase in O 1s signal after the SI-RAFT polymerization 
of PEGMEMA due to the oxygen-rich polymer chain (Figure S7). Furthermore, deconvolution of 
the C 1s peak of the PPEGMEMA brush (Figure S8) exhibited an increase in the C-O area as 
compared to the electrodeposited CTA, assigned to the growth of the PEG methacrylate on the 
surface. The AFM topography image of the brush also showed a change after the growth of the 
brush (Figure S9).  
 
Figure B7. High-resolution scan of O 1s peak before and  
after growing the PPEGMEMA brush. 
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Figure B8. Deconvoluted high-resolution scans of C 1s  
peak for (a) CTA-modified slide and (b) PPEGMEMA  
brush. 
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Figure B9. AFM topography image after SI-RAFT of  
PPEGMEMA. 
 
 
Interaction of the Probe with 
Functionalized Surfaces 
When probing the bare ITO surface, we 
find that AlexaFluor® 555 (Alexa) 
exhibits strong attraction to the surface 
(Figure S10). This is evident from the 
extremely uncharacteristic behavior of the 
solvated probe over the bare substrate. In 
solution over a glass surface, Alexa has a 
 
Figure B10: A comparison of the normalized autocorrelation  
curves of the negatively charged Alexa probe on the bare ITO  
surface. The probe is shown to have strong interactions  
with the surface, as the characteristic diffusion time  
seemingly increases with the increase in distance from  
the surface.  
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characteristic diffusion time of 22 ± 2 μs. Near the ITO surface, the characteristic diffusion time 
slowed to 272 ± 33 μs. This is even more pronounced as we explore higher depths and observe 
what appears to be longer diffusion times. This is consistent with the finding that as a slow event 
is recorded over a widening focal volume space (Figure 7 in the main text), the diffusion time 
appears to increase 
286
. It is apparent that the probe is heavily interacting with the surface in the 
absence of modification. This effect is eliminated with the addition of the soft surfaces. Below 
are the normalized autocorrelation curves depicting the probe interacting with the dendronized 
surfaces (Figure S11). 
 
Figure B11: Normalized autocorrelation curves of Alexa on the four dendronized surfaces tested in this work.  
G0 (a), G1 (b), G2 (c), and G1B (d) are presented at all four depths. The degree of interaction decreases from  
G0 to G2. It can be seen that the probe interacts with G1B on the same scale as G0. 
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Figure B12: Normalized autocorrelation curves of Alexa (a,c) and R6G (b,d) on the G0 (a,b) and G2(c,d) 
dendronized surfaces tested in this work, presented at all four depths. The degree of interaction is similar for both 
dyes on the G0 surface. There is an increase in interaction with R6G on the G2 surface at the closest depth 
measured. However, due to the length of the π-systems of the dyes and the carbazoles on the surface of the 
dendrons, the trend observed is unexpected for the case of strong π-π interactions between the dyes and the 
carbazole portion of the dendron. 
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Figure B13: Normalized autocorrelation curves of 
Alexa on the linear PEGylated surface tested in this 
work in MB water (a), 0.001N KOH (b), and 
0.001N RbOH (c). Both the aqueous and RbOH 
conditions  show evidence of interactions with the 
PEG brush. This is seen in the multiple species of 
the autocorrelation curve. The anomaly lies in the 
KOH condition, which shows no interaction with 
the PEG brush, shown in the single species curves. 
This is further proof that there is a PEG-K 
complexation that changes the conformation of the 
PEG brush. 
a
) 
b
) 
c
) 
